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STRUCTURE.* 


By Hsren-Coune Wane. 


1. Introduction. Nearly all the information about closed complex 
manifolds comes either from the theory of kählerian manifolds or from that 
of almost complex manifolds. On one hand, we do not know any topological 
property of complex manifolds which is not a property of almost complex 
manifolds; on the other hand, very few examples—those given by Calabi- 
Eckmann [6]—of simply-connected, closed non-kählerian complex manifolds 
are known. On account of this situation, it seems desirable firstly to discuss 
some particular classes of complex manifolds which may impart some ideas 
for the general case. If we consider the complex structure as a geometrical 
object, a very natural assumption will be homogeneity. In fact, a complex 
manifold W is called homogeneous if, given any two points of W, there exists 
an analytic homeomorphism of W carrying one to the other. It is the aim 
of the present paper to study the simply-connected, closed homogeneous 
complex manifolds which, for simiplicity, will be called a C-space. . We find 
that there are many more C-spaces than we expect, and the underlying space 
of most of them has infinitely many inequivalent non-kählerian complex 
structures. 


Concerning the general properties, we have 


THEOREM A. If à C-space has vamshing second Betti number, then its 
Euler characteristic must vanish. 


THEOREM B. Let M be a simply-connected closed manifold. If the 
Euler characteristic x of M differs from zero, then M has at most a finite 
number of inequivalent homogeneous complex structures. If x — 0, then M 
has evther no homogeneous complex structure or non-countably many inequi- 
valent ones. 


THEOREM C. Let K be a compact semi-simple Ine group, and X a 
closed connected subgroup whose semi-simple part coincides with the semi- 
simple part of the centraliser of a toral subgroup of K. Then the coset 
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space K/X, if even-dimensional, has a homogeneous complex structure. 
Conversely, each C-space 1s homeomorphic with such a coset space. 


Using 8° as an example, we see that Theorem A does not hold for 
homogeneous almost complex manifolds. It is unknown to the author 
whether or not Theorem À is valid if we drop the homogeneity restriction. 
Theorem C tells us that the class of C-spaces is rather large. 

For the actual determination of the C-spaces, we introduce a class of 
manifolds, called M-manifolds. In fact, a coset space K/U of a compact 
simple Lie group K is called an M-manifold if U is the semi-simple part of 
the centraliser of a toral subgroup of K. All M-manifolds are eventually 
determined. In this class, we have, in particular, the space of compact 
simple Lie groups, the complex Stiefel manifolds, the quarternion Stiefel mani- 
folds and the ordinary Stiefel manifolds of the form Vw... The M-manifolds 
and C-spaces are related as follows: 


THEOREM D. Hach even-dimensional M-manifold has infinitely many 
inequivalent homogeneous complex structures and so does the product of two 
odd-dimensional ones. They have vanishing second Betti number, and hence 
they are non-kühlerian. Moreover, each C-space W is homeomorphic with a 
fibre decomposition space of a product of M-manifolds with torus as the 
fibre (i.e. the product is a torus bundle over the underlying space of W). 


It is to be noted that all these theorems still hold if, instead of simply- 
connectedness, we asume the spaces to have finite fundamental groups. The 
proof is essentially the same. 


2. Complex coset spaces. Let G be a complex Lie group. A subgroup 
L of G is called a complex subgroup if L is closed and the underlying point 
set of L is a complex submanifold of G (by a complex submanifold J of a 
complex manifold M, we mean a topological submanifold with the property 
that, for each point q of M, there exist analytic functions fi, fa’ © +; fs 
defined in some neighborhood U of g such that 


JOU == {p: fi(p) = 0, t = 1,2, + +, 8}). 


The identity component of a complex subgroup of a complex Lie group G is 
generated by a subalgebra (over complex field) of the complex Lie algebra 
associated with G. Conversely, the subgroup of @ generated by such a sub- 
algebra, if closed, is a complex subgroup. 

. Let L be'a complex subgroup of a complex Lie group G. A nos 
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structure can be defined over the space G/Z of left cosets in the usual manner. 
In fact, let ge G, q—#(g) where m: G—> G/L denotes the projection, and 
let Xa(g) be the class of analytic local functions on G at g. We set Wez(q) 
to be the class of all complex-valued functions ¢ defined in some neighborhood 
of q such that dre Xa(g). Using the same arguments as in the real analytic 
case, we can verify that the classes Wez(¢), ge G/L, of local functions 
defines a complex analytic structure over G/L. The resulting complex mani- 
fold will be called the complex coset space G/L. With respect to this complex 
structure, the mapping g: G/L — G/L given by g(xzL) = gx is complex 
analytic where g denotes an element of G. Thus the complex coset space 
G/L is a homogeneous complex manifold. 

In general, a homogeneous complex manifold cannot be written as a 
complex coset space. Nevertheless, if compactness is assumed, we have the 
following: 


(2.1) Hach closed homogeneous complex manifold is analytically homeo- 
morphic with a complex coset space. 


Proof. Let W be a closed homogeneous complex manifold, and B the 
identity component of the group of all analytic homeomorphisms of W. 
Bochner and Montgomery [3] have shown that a complex structure can be 
given to the space of B such that (i) B becomes a complex Lie group with 
respect to this structure, and (ii) the mapping T: BX W—W given by 
T(g, £) —=g(x), ge B, ce W, is analytic. From the homogeneity of W, 
we see that B is transitive over W. Let L be the isotropic subgroup of G 
at a point g of W. L is evidently closed. Moreover, from (ii), Z is, locally, 
defined by analytic equations in B. Thus L is a complex subgroup of B, 
and thus we can form the complex coset space B/L. Since W is a manifold, 
the mapping 6: B/L —> W given by 6(gL) — g(q), ge B, is an onto homeo- 
morphism. In fact, 0 is two-sided analytic. To see this, let Tọ: BW be 
defined by T,(g) — g(q) =T(g, q), and let y be an analytic local function 
on W. It is easy to see that YT g = y0r where +: B—> B/L denotes the pro- 
jection. Because of (ii), T, is an analytic mapping so that yT, or Wôr is an 
analytic local function on B. From the definition of complex coset spaces, 
it follows that #8 is an analytic local function on B/L. This tells us that 
the mapping # is analytic. The analicity of its inverse 9 follows as a 
consequence [1], p. 179. (2.1) is thus proved. 

If the fundamental group of W is assumed to be finite, stronger assertion 
than (2.1) can be obtained. For this purpose, we shall first-show a timal 
property of transformation groups. 
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(2.2) Let W—K/L be a coset space of a compact Lie group K. If 
the fundamental group mı( W) is finite, then the maximal semi-simple sub- 
group J of K is transitive on W. ' 


Proof. Since K is compact, its maximal semi-simple subgroup J is a 
normal subgroup, and moreover, K/J is abelian. It follows that JL is a 
closed normal subgroup and that K/JL is a toral group. Since all the groups 
involved are Lie groups, we know [11], p. 30, that K/L is a fibre bundle 
over K/JL with JL/J as the fibre. JL/L is connected as J is connected. 
Thus the-fundamental group 7,(K/JZ) of the base space is a factor group 
of the fundamental group 7,(K/Z) of the bundle space. By hypothesis, 
m(K/L) is finite, and thus 7,(K/JZ) is also finite. On the other hand, 
we know that K/JL is a toral group. Therefore, K/JL can only contain the 
identity, or in other words, K == JL. This tells us that J is transitive on 
W = K/L. 


(2.3) Let W = B/L be a compact complex coset space. If the funda- 
mental group of W is finite, then each maximal connected semi-simple 
subgroup G of B is transitive over W. Moreover, W ts analytically homeo- 
morphic with the complex coset space G/(G N L). 


Proof. It is well-known that such a G is generated by the semi-simple 
part of a Levi-decomposition of the complex Lie algebra of B. Thus G is a 
complex subgroup. Malcev [8] has shown that all the G’s are conjugate 
in B. Therefore, the choice of Gis immaterial. Let K be a maximal compact 
subgroup of B. We know that K is transitive over W [9]. It follows from 
(2.2) that the maximal connected semi-simple subgroup J of K is transitive 
on W. This J is contained in a maximal connected semi-simple subgroup G 
of B. Thus G is transitive over W. This proves the first part of (2.3). 


To show the second part, let us put 1’ = GOL. Since both G and E 
are complex subgroups, L’ is also a complex subgroup, and thus the complex 
coset space G/L -is well-defined. Because of the transitiveness of G on B/L, 
the mapping f: G/L’-—>B/L defined by f(gL’) — gl is an onto homeo- 
morphism. We can easily verify that f is analytic. (2.3) is proved. 


3. Solvable subgroups. From the above discussions, the study of com- 
pact homogeneous compact spaces is reduced to the study of complex coset 
spaces G/L. In this section, we shall establish some necessary conditions on 
the maximal solvable subgroups of L in order that G/L is compact. 


It is desirable to say here a few words about our notations. Let G be 
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a Lie group. K(G) always denotes a maximal connected compact subgroup 
of G. By dimension of G, we shall always mean its topological dimension. 
Thus for a complex Lie group G, dim. G is twice of the dimension of its 
complex Lie algebra. 


(3.1) Let W = G/L be a coset space of a Ine group G. If 
(3. 2) dim. G— dim. KE (G) = dim. L — dim. K (L), | 


then W is compact. Conversely, if W is compact and has a finite fundamental 
group, then equality (3.2) holds. 


Proof. Suppose that (3. 2) holds. Then dim. W = dim. K(G) — dim. K(L). 
Let R be an orbit in W under K(G). Then R is homeomorphic with 
K(@)/(K(G) N L), and then dim. R = dim. K(G) — dim. (K(@) N L). Since 
K(G) N L is a compact subgroup of L, its dimension cannot be greater than 
that K(L). It follows then 


dim. R = dim. K (G) — dim. K (L) = dim. W, 


and then dim. R = dim. W. But R is a closed manifold so that R = W. 
This tells us that W is compact. 

Conversely, suppose that W is compact and has finite fundamental group. 
Choose a K(G) such that K(G) contains a K(L). From a theorem of 
Montgomery [9], K(@) is transitive on W. Thus 


dim. @— dim. L = dim. W = dim. K (G) — dim. (K(@) NL). 


From our choice of K(G), we known that K(L) must be the identity com- 
ponent of K(G) N L. Thus dim. K(L) — dim. (K(G) NL). This equality 
together with the preceding one gives (8.2). (3.1) is proved. 

Now we shall state some known results in a form suitable for our 
purposes. Let G be a complex semi-simple Lie algebra, and H a Cartan 
subalgebra of G. An element h of H is called rational if all the roots of k 
(i.e. the characteristic roots of a(h) where a denotes the adjoint repre- 
sentation of G) are rational numbers. Evidently, À is rational if and only 
if there exists an integer m such that exp mzia(h) is the identity. We shall 
call a base fy, he,- + +, hı of H a rational base if each h; is rational. The 
existence of rational base is well-known. Let Ài, À,- © +, Az be the coordinates 
in H with respect to a rational base hy, he, © -,hu Let $ be a linear 
representation of the Lie algebra G. Then each weight A of ¢ can be written 
as a linear. combination of the Vs: A==7,A, + rade +: +--+ rr. Since the 
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base is rational, the coefficients r; must be rational numbers. Thus we can 
order the weights in the classical manner. In fact, let 


A= Fil ++ A = Sidr + + Su . 


be two weights. We say that A < A’ if, for some i, we have r; == 8, 
To == So,° °° Ti = Siy Tin Sun If, in particular, ¢ is the adjoint repre- 
sentation of G. Then the weights become roots of G. Thus the roots have 
an ordering. Let ep, e, be two root vectors corresponding to the roots p, u 
respectively. Then we say ep < ĉa if and only if p < p. It should be noted 
that this ordering depends on the choice of the rational base of H. 

Let N be the subspace spanned by all the root vectors ep, ep, * * * , ep, 
which are greater than zero, and S—N + H. A direct verification tells us 
that S is a maximal solvable subalgebra of G. Since 0 < ep if and only if 
ep < 0, we know that the number ¢ of positive root vectors is equal to one 
half of the total number of root vectors. Thus 


dim. S=t+/=— (dim. G + 1)/2 


where } denotes the rank of G. Morosoff [10] has shown that each solvable 
subalgebra of G is conjugate to a subalgebra of S. Thus all maximal solvable 
subalgebra of G are conjugate. Moreover, each maximal solvable subalgebra 
of G can be constructed in the above manner by choosing a suitable H and a 
suitable rational base of H. 

Now let G a complex Lie group corresponding to the Lie algebra G. 
We consider the subgroup 8S generated by Sin G. Since § contains a Cartan 
subalgebra H of G, S must be closed [7], and hence a complex subgroup of G. 
Obviously, $ is a maximal connected solvable subgroup, and 


(3. 3) dim. S == 2 dim. S = dim. G + l =l + (dim. @)/2. 
Since § is solvable, each K(S) is a toral group. From the fact that all 


maximal connected solvable subgroups of G are conjugate to S, it follows that 
K (8) is a maximal toral subgroup of G. Thus dim. K(S) =l. This equality 
together with (3.3) gives 
(3.4) dim. G— dim. K(G) == (dim. G)/2 = dim. S — dim. K(S). 

Now we can show easily the following: 

(3.5) Let B be a complex Lie group. All its maximal connected 


solvable subgroups M are complex subgroups and are conjugate to one 
another. Morgover, 7,(B/M) ts finite and 


dim. B — dim. K (B) = dim. M — dim. K (MM). 
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Proof. Let B= GR be a Levi-decomposition of B where G denotes a 
maximal semi-simple subgroup of B and R the radical. Evidently, each 
maximal connected solvable subgroup M of B takes the form M == SR where 
S is a maximal connected solvable subgroup of G. Thus M is a complex sub- 
group of B. From the results of Morosoff, we know that all such &’s are con- 
jugate in G. It follows that all such M’s are conjugate in B. The first 
part of (3.5) is proved. For the second part, we consider the coset space 
W =— B/M. Since R is a common normal subgroup of B and M, we have 
W = (B/R)/(M/R) = G/S. (3.4) together with (8.1) tells us that 
W — B/M is compact. G is a complex semi-simple Lie group so that its 
fundamental group is finite. From this fact and the connectedness of S, it 
follows that the fundamental group of W is finite. Now applying the second 
part of (3.1) to W, we get the equality 


dim. B — dim. K (B) = dim. M — dim. K (M). 
This proves (3.5). 


(3.6) Let W — G/L be a complex coset space of a complex semi-simple 
Lie group G, and M a maximal connected solvable subgroup of L. If W is 
compact and has finite fundamental group, then dim. M — (dim. G)/2 +» 
where v denotes the dimension of a maximal compact subgroup of M. 


Proof. From (3.1), we know that 
dim. L — dim. K (L) = dim. G — dim. K (G). 
Proposition (3.5) tells us that | 
dim. L — dim. K (L) = dim. M — dim. K (M). 


Thus dim. M — dim. K (M) = dim. G — dim. K(G). Here G is a complex 
semi-simple Lie group so that dim. K(G) = (dim. G)/2. It follows then 
dim. M = (dim. G)/2 + dim. K(M). (3.6) is proved. 


4, J-subalgebras. In this section, we shall introduce and study a class 
of subalgebras which facilitate to determine the structure of the isotropic 
subgroup L of the compact complex coset spaces G/L. Let H be a Cartan 
subalgebra of a complex semi-simple Lie algebra G. A linear subspace P of 
dimension p in H is called a rational plane or a rational subalgebra if P 
contains p linearly independent rational elements. If p—1—1 where 
l rank (G) = dim. H, then we call it a rational hyperplame. Now let P 
be a p-dimensional rational plane. We choose p linearly independent rational 
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elements k,,-:-,k, in P. Let a denote the adjoint representation of G. 
With respect to a suitable base of G, each a(k;) takes the form of a diagonal 
matrix. From the definition of rational elements in H, we know that the 
elements of these diagonal matrices &(k;) must be rational numbers. It 
follows that, in the adjoint group G* of G, P generates a closed subgroup 
isomorphic with the direct product T? X R? of a p-dimensional toral group 
and a p-dimensional vector group. Since each group form of the complex 
semi-simple Lie algebra G is a covering group of G* with finite leaves, the 
above property of P not only holds for G* but also for any group form of G. 


Der. A subalgebra J of H is called a J-subalgebra if it does not he on 
any rational hyperplane of H. 


(4.1) Let HM be a Cartan subalgebra of a complex semi-simple Lie 
algebra G of rank i. Let J be a subalgebra of H, and J the subgroup generated 
by J in a group form G of G. If J contains an l-dimensional vector subgroup, 
then J is a J-subalgebra. 


Proof. If J lies on a rational hyperplane P, then J would be a sub- 
group of the group P generated by P in G. We know that P is isomorphic 
with the direct product TEE X REA of an (J-—1)-dimensional group and an 
(i —1)-dimensional vector group. P has no /-dimensional vector subgroup. 
A contradiction is obtained. Hence J is a J-subalgebra. 

Before establishing further properties of J-subalgebras, we have to digress 
a little and define some terminiologies used in representation theory. Let ¢ 
be a representation of the Lie algebra G, and V the complex vector space on 
which ¢(G) takes place. We shall fix a Cartan subalgebra H of G and a 
rational base h.,- © +, hı of H. The coordinates with respect to this base of 
H will be denoted by À,: - *, A4 Associated with œ, there are a finite number 
of linear forms Aj, Az," * -,A, over H, called weights. To each weight A 
corresponds a linear subspace Va, called weight space, such that, for each 
vector y of V, and each element h of H, we have (h)y = A(h)y. Moreover, 
the space V is decomposed into the direct sum V = FV |- Fute T, 
of the weight spaces. Since we have a fixed coordinate system à,’ ©, àin 
H, we can write the weights as linear combinations of the Xs: 


. t 
Ay = 2 Mindi, 1 = I, a 7,8. 


The base hı,” <, hı of H is rational so that the coefficients m; are all 
rational numbers. 
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(4.2) Let J CH be a J-subalgebra and V* be linear subspace of V 
invariant under o(J). Then 


NS CN ES Ye Va oe en a) 
Here all the notations have the same meaning as in the preceding paragraph. 


Proof. Let A; and A; be two distinct weights. We shall first see that 
Ai(h) s£4,(h), he J. If they were identical for all h in J, then J would 
lie in the hyperplane P which is defined in terms of the coordinates 
At; Res Al by 


l 
2 (Mix — Mir) Ax == 0, 
=1 


Since hı, + >, 4, form a rational base of H and the m’s are rational numbers, 
this P is a rational hyperplane. This contradicts our assumption that J is a 
J-subalgebra. Thus A;(h) 4A;(h), he J. We have only a finite number 
of weights so that there exists an element A, of J such that Ai(ho} >£ A; (ho) 
whenever 4547. 


Now let é be a vector of V*. It can be written in the form: 


E= é +é +: | + és Ee Va, 
Thus 


($h) é=} (A; (ho) ) tÉ, oe eee 


Since A;(ho) Æ Aj(ho) for t34 3, the vectors é, és" * +,& can be written as 
linear combinations of 


E pho) E, (p (ho) ) E > +s (p (ho) ) 7E 


But on account of the invariance of V* under ¢(J), the latter vectors belong 
to V*. It follows then é&e V*, and then é;e V* N Va, Proposition (4. 2) 
is therefore proved. ; 


(4.3) Let L be a subalgebra of G such that L contains a J-subalgebra 
. Jof H. Then L is spanned by LN H and some root vectors of G. 


Proof. In (4.2), let us take ¢ to be the adjoint representation of 6. 
Then V = G, and the weights of @ are 0 and the various roots of G. The 
weight space V, corresponding to zero is H, and the weight space Vp corre- 
sponding to a root p of G is the one-dimensional space containing the root 
vector ep. Taking V* = L, we get (4.3) immediately from (4.2). 
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5. The structure of the isotropic subgroup. Let W = G/L be a com- 
plex coset space of a complex semi-simple Lie group G. We shall always 
assume that W is compact and has finite fundamental group. Let M be a 
maximal connected solvable subgroup of L. Choose a maximal connected 
solvable subgroup S of G such that M C §. Let G, L, S, M be the complex 
Lie algebras of G, L, S, M respectively. From the facts that MCS and 
that M is a maximal solvable subalgebra of L, we see immediately that 
M—LNS. From §3, there exists a Cartan subalgebra H of G and a 
rational base <, of H such that S is spanned by H and all the 
positive root vectors ep, Epa’ ``, ep, of G (the ordering of the root vectors 
is defined with respect to the base hı,’ + -, lu). Here /—rank(G@) and 
dim. G = 2t +-1. From (3.6), we know 


dim. M = (dim. G@)/2 + v = dim. G + v = 2i+1+4, v = dim. K (M). 
Thus 
(5.1) dim. M = t + (1+ v)/2. 
Let J= HN M. Since both M and H are linear subspaces of S, 
dim. J = dim. M + dim. H — dim. S = (l + v)/2. 


Let J and H be the subgroups generated by J and H in G respectively. H is 
evidently closed. The subgroup J, being the identity component of the inter- 
section M N H of two closed subgroups, is also closed. Moreover, 


dim. J — 2dim. J =1-++ v. 


We can always write the connected abelian Lie group J in the product form : 
J == Te R> where T* denotes an n-dimensional toral group and Rè? a 
b-dimensional vector group. Evidently, a + b = dim. J È l-+}v. Since 
Te CJ CM, a = dim. K(M) =v. It follows then b =l. On the other 
hand, the subgroup H, being generated by a Cartan subalgebra, is isomorphic 
with the direct product T? X E! of an l-dimensional toral group and an 
l-dimensional vector group. Hence H, and hence J, cannot have any vector 
subgroup of dimension higher than 1. Thus b = l, a =v and J = Tv X R! 
From (4.1), we know that J must be a J-subalgebra. (4.3) then tells us 
that L is spanned by L N H and some root vectors of G. Now we shall see 
that L contains all the positive root veetors. For this purpose, let us consider 
M. Since JC M, M is spanned by MN H and some root vectors, say 
eap’ * > Cay Then dim. M = dim.(M N H) + s = dim. J -+ s =s + (1+ v)/2. 
Comparing this equality with (5.1), we get s = t. Since M CS, all these 
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root vectors eu," * *; a, must be positive. But we have only ¢ positive root 
vectors. Thus M, and hence L, contains all the positive root vectors. 
Summing up the above results, we have 


(5.2) Let W— G/L be a complex coset space of a complex semi-simple 
Ine group G. Suppose that W is compact and has finte fundamental group. 
Let G, L be the complex Lie algebras of G, L respectively. Then there exists 
a Cartan subalgebra H of G and a rational base hı: > +, hı of H with the 
following properties: (i).L N H is a J-subalgebra of H, (ii) L is spanned by 
LN H and some root vectors of G, and (iii) all the root vectors which are 
positive with respect to the base hi, - +, hı lie on L. 


To study further properties of L, let us denote by © the totality of roots 
B of G such that both eg and eg belong to L. The roots in © occur in 
pairs 8, — B. 


(5.3) The linear subspace Q spanned by 


{es hg = [eg, es]: Be @} 
is a semi-simple subalgebra of L. 


Proof. Since [hg,Q] C Q, to show that Q is a subalgebra, it suffices 
to show that [es, ey] e @ for B,ye®. If B+ y is not a root of G, then this 
evidently holds. Now assume 8 + y= 7 to be actually a root of G. Since 
eg and ey belong to L, the root vector e, belongs to L as well. By definition 
of ©, we know that e.g, eye L. It follows then [e_s, e-y] £ L, and then e- € L. 
This tells us that re ©, or in other words, ee Q. But e, and [ep, ey] only 
differ by a non-zero scalar. Thus [es,e,] e Q. Thus Q forms a subalgebra. 
Its semi-simplicity is evident. 


In fact, Q is the essential part of L. The following property of Q plays 
a basic rôle in our study of compact homogeneous complex manifolds. 


(5.4) There existis in H a rational subalgebra H, such that the cen- 
traliser C of H, is decomposed into the direct sum H, @ Q of H, and Q. 


Proof. Let H, be the totality of elements À of H such that [h, Q] = 0. 
It can be easily verified that 
H, = {h: he H, B(h) = 0 for all 8 in 6}. 
Evidently H, is a subalgebra of H. To see that it is rational, let us put, for 
each Be ®, : 
Pg = {h: ke H, 8 (h) =0}. 
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This Pg is a rational hyperplane. Since H, is the intersection of all the Pa, 
Bed, it follows that H, is rational. 

Let {* be the rank of Q. Then among the roots of Q, or what is the 
same, among the roots 8 in ©, there are exactly /* independent ones. Thus 
among the rational hyperplanes Pg, there are 1* independent ones, and thus 
dim. H, — dim. (N Ps) =1—7*. Now let H, be the space spanned by 
{he == [eg, ep]: Be @}. This is evidently a Cartan subalgebra of Q, and 
thus dim. H, — !*. Moreover, since Q is semi-simple and [H,, Q] = 0, we 
have 

H, N H,=H,0Q@=0. 


A counting of dimensions of H, H, and H, tells us at once that H = H, + H.. 

Let € be the centraliser of H, in G. Obviously, H C C and Q CC. 
Thus to prove (5.4), it is sufficient to prove € C H,-+-Q. We shall prove 
this by using method of contradiction. Suppose C Œ H, -+-Q. Since € 
contains a Cartan subalgebra H, € is spanned by M and certain root vectors 
of G. But we already know that H— M, + H, CH, +Q. Thus there 
must be a root vector ep of G such that epe C, ep Q. From the definition 
of C and Q, we see at once that e_p also has this property, i. e., epeC, ep £ Q. 
Thus there exists always a positive root vector of G which belongs to € but 
not to @. Let D be the linear subspace spanned by all such positive root 
vectors. Then D = 0, D C C, D N Q =0. Moreover, D C L on account of 
(5.2). Firstly, we want to show [Q, D] C D. Since [H, D] C D, it suffices 
to show that, for each ege Q and each ep £ D, [eg, ep] e D. If B+ p is nota 
root of G, then Les, ep] — 0 evidently belongs to D. Now suppose 8 + p =r 
to be a root of G. Since eg, €p £ L, epe L. The vector e-r cannot belong to L, 
for if so, we would have 720, ee Q, Ter, eg] € Q, and then ep £ Q which is 
impossible. Thus e.,¢L. From this fact, it follows that e, is positive and 
ef Q. We know that ¢g,e¢pe€ so that e, which is a multiple of [eg, ep] 
must belong to €. Thus e,e D, and hence [eg,ep|¢D. This proves that 
[@, D] C D. 

Let D be the representation of the complex semi-simple Lie algebra Q 
over the linear space D defined by 


p(z) (y) Fr [x, y], z£ Q,ye D. 


On account of the fact [Q, D] C D, this representation is well-defined. Let 
Ep» Spy’ © > êp be the positive root vectors which span D. For each h” of 
H., we have 


$(h”) (ep, us pi(h’’) ép,. 
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Since M, is a Cartan subalgebra of Q, ep, are weight vectors of the repre- 
sentation œ. Their weights are the linear forms p; confined to H,. It is 
well-known that the sum of all the weights of a representation of a complex 
semi-simple Lie algebra is equal to zero. Thus, for each h” of Ha, we have 


S p (h) = 0. Let h be a general element of H. It can be written in the 
4=1 
form h — h’ +h” where We H, eH. Thus 


Zeit) = E pi(h’) + E pi(h”) = & pilh’). 
i=l =l | i=1 =i 
But each ep, belongs to the centraliser C of H,. Thus p;(h’) = 0, and thus 


Soi(h)=0, hel 


4=1 


From the definition of D, all the root vectors ép,,° * `, êp, are positive in the 
sense of § 3 so that 5 pi(h) cannot vanish for all h in H. A contradiction is 
i=1 


therefore obtained. ` This proves (5.4). 


6. The underlying space of homogeneous complex manifolds. Now we 
are in position to give some definite results about homogeneous complex 
manifolds. To simplify the statements, we find it desirable to lèy down 
here two definitions. 


Der. A simply-connected, compact homogeneous complex manifold will 
be called a C-space. 


Der. Let K be a compact semi-simple Lie group. By a C-subgroup of 
K, we mean a closed and connected subgroup whose semi-simple part coin- 
cides with the semi-simple part of the centraliser of a toral subgroup of K. 
Obviously, the identity is a C-subgroup, each toral subgroup is a C-subgroup 
and the centraliser of a toral subgroup is a C-subgroup. 


THEOREM I. Mach C-space is homeomorphic with a coset space K/X 
where K denotes a compact semi-simple Ine group, and X a C-subgroup of K. 


Proof. Let W be a C-space. From (2.3), we can regard W as a com- 
plex coset space G/L of a complex semi-simple Lie group G. Suppose that 
G, L, E, H, C, ©, hi,- > +, hy have the same meaning as in § 5. From now on, 
both real Lie algebra and complex Lie algebra will occur in our discussions. 
To distinguish them, we shall always use an ‘o’ as upper index in each real 
Lie algebra. It is known that the root vectors of G can be so normalised that 
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iler, eh] are rational elements and [e, eg] is a rational multiple of eag 
whenever «+ £ is a root [13]. From now on, all the root vectors €p are : 
assumed to be normalised. Let K° be the Lie algebra consisting of all the 
linear combinations, with real coefficients, of the following vectors: 


{ihi © +, th, i(ep + ep); ep — pt p = roots of G}. 


The subgroup K generated by this real Lie algebra K° is a maximal compact 
subgroup of G. By Montgomery theorem [9], Æ is transitive on W. Thus 
W is homeomorphic with the coset space K/(K OD). Let X=KANA L. 
To prove our theorem, it suffices to show that X is a C-subgroup of K. 
Firstly, we find that the Lie algebra X° of X is equal to K? N L, and thus 
is spanned, in the sense of vector space over real field, by 


(6.1) {H° N L,1(eg + eg), eg — ep: Be@} 


where H° denotes K° N H. 

Now consider the subalgebra H, of H discussed in (5.4). Since it is a 
rational subalgebra of H, it has a rational base k, > <, Fa a= dim. H.. 
Thus the real Lie algebra H°, == H, N K? is spanned, over the field of real 
numbers, by tki,° - >, tka. It follows then that (a) H°, generates a toral sub- 
group T, of K, (b) the centraliser of H°, in K? coincides with the intersection 
K° N C of K° with the centraliser C of H, in G. From $ 5, we can easily see 
that K? N C is spanned, over the real field, by 


{H°, «(es + ¢-8), eg — ep: Be O}. 


This together with (6.1) tells us that K° N C and X’ have the same semi- 
simple part. Thus the centraliser of H°, in K° and X° have the same 
semi-simple part. Passing this relation to their respective groups, we obtain 
the fact that X and the centraliser of T, in K have the same semi-simple 
part. Moreover, because the simply-connectedness of W, X is connected. 
Thus X is a C-subgroup of K. This proves our theorem. | 


COROLLARY. Let W be a C-space containing more than one point. If 
W has vanishing second Betti number, then its Euler characteristic also 
vanishes. 


Proof. Since W is simply-connected, the second homotopy group w2.(W) 
of W is isomorphic with the 2-dimensional homology group of W with integer 
coefficients. Thus (W) is finite. From Theorem I, W is homeomorphic 
with the coset, space K/X where K is a compact semi-simple Lie group and 
X.a C-subgroup of K. Thus 7,(K) is finite. From the finiteness of both 
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r2(W) and m (K), it follows that the fundamental group m, (X) of X is finite. 
Hence X must be semi-simple. X is a C-subgroup so that X is the semi- 
simple part of the centraliser U of a certain toral subgroup T, of K. Suppose 
that the Euler characteristic of W does‘not vanish. Then X and K have the 
same rank. Such a subgroup XY has discrete centraliser in K. Thus T, eon- 
tains only the identity. It follows then that K —U-==X. In other words, 
W = K/X consists of a single point. The corollary is therefore proved. 


7. Converse of Theorem I. It is the purpose of this section and the 
next to prove the following theorem which can be regarded as the converse 
of Theorem I. 


THEOREM II. Let X be a C-subgroup of a simply-connected compact 
semi-simple Ine group K. If K/X is even-dimensional, then K/X has a 
homogeneous complex structure, or.in other words, K/X is homeomorphie 
with a C-space. 


We shall first prove a few propositions as lemmas. 


(7.1) Let K be a compact semi-simple Ine group, and X a C-subgroup 
of K with semi-simple part U. Then there exists a toral subgroup T, of K 
having the following properties: 


(i) T, contains the i ee To of the center of X, 
(ii) U is the semi-simple part of the centraliser of T, 
(iii) dim. T, + rank (U) = rank (K). 


Proof. Let N be the centraliser of U. Then 7, C N, and then Te is 
contained in a maximal toral subgroup, say Tı, of N. We shall see that 
this Tı has all the required properties. By hypothesis, X is a C-subgroup so 
that U is the semi-simple part of the centraliser B of a toral subgroup, say T, 
of K. Evidently, B and K have the same rank. Let T” be the identity 
component of the center of B. We have then 


dim. T + rank (U) = rank (B) = rank (K). 


Since 7” C N, there exists an element p of N such that pT’p™ C T, because 
T, is a maximal toral subgroup of N. It follows then that dim. 7’ < dim. T,, 
and then that dim. Tı + rank (U) = rank (K). On the other hand, 7,7 
forms a subgroup of K and, because of the semi-simplicity of U, the inter- 
section T, N U is discrete. Thus 


rank (K) = rank (7,U) — dim. T, + rank (U). 
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This inequality together with the preceding one tells us that 
rank (K) — dim. T, + rank (UV). 


Therefore, the property (iii) is established. 

| Since property (i) is evident from our construction, we shall only con- 
sider the property (ii). We first observe that T C T”. Thus pTp? C Ty. 
From the definition of T, it follows that »Up is the semi-simple part of the 
centraliser of pTp+. On account of the fact pTpt C Tı, we know that 
oUn contains the semi-simple part U’ of the centraliser of T,. But peN 
so that pUp = U. This tells us that U D U’. On the other hand, we 
already know that U is semi-simple and that U belongs to the centraliser of 
Tı. Hence U C U’, and hence U == U’. (7.1) is hereby proved. 


(7.8) Let G be a complex semi-simple Lie group, G the complex Lie 
algebra of G, H a Cartan subalgebra of G. Let T” be an m-dimensional toral 
subgroup of G such that its Ine algebra (a Ine algebra over real field) B°, ts 
contained in H. Then there exists m linearly independent rational elements 
hi, he,’ + +, hm of H such that thy, the,- + ., thy span, with real coefficients, 
the algebra H°. 


Proof. Suppose that (7.2) holds for m==1. We decompose 7 into 
the direct product TX Th X- >- X Ti, of m circle groups. By our 
supposition, for each j, there exists a rational element h; of such that ih; 
generates the circle group T>, The elements hı, h2,- © +, hm obviously have 
all the required properties. Thus to prove (7.2), it suffices to prove it for 
m = J. . l 


Let G* be the linear adjoint group of G, and x: G — G* be the natural 
homomorphism. The image z(Z) is evidently also a circle group. Let æ be 
an element of G which generates T+ in G. Then the same element œ will 
generate (T+) in G*. Thus (T>) consists of all the linear transformations 
{exp ta(z): t — real numbers} where a denotes the adjoint representation 
of G. Since q(T") is a circle group, there exists a real number tọ different 
from zero such that exp t.a(z) is the identity. It follows that the charac- 
teristic root of teæ(x) must be of the form: 


nart, Rent, Inari, LR $ 


where the ws are integers. Taking h — tọs/ri, we see immediately that the 
characteristic roots of «() are all integers. Thus 4 is a rational element 
of H. Moreéver, ih evidently generates the group T? in G. (7.2) is hereby 
proved. 


HOMOGENEOUS COMPLEX STRUCTURE. 17 


(7.8) Let hı, ha’ + * , h, be a rational base of a Cartan subalgebra H 
of a complex semi-simple Lie algebra G. Let H° denote the set of all linear 
combinations with real coefficients of th, + * ,ih Suppose that L is a sub- 
algebra of G whose normaliser M in G contains H. Then if H° N L generates | 
a closed subgroup in a group form G of G, so does L. 


Proof. Let L, M and T! be the subgroups generated by L, M and H° 
in G respectively. Then T? is a toral group of dimension {, and L is a normal 
subgroup of M. Since M contains a Cartan subalgebra, M is closed in G. 
For each element x of G, let us denote by g(x) the one-parameter subgroup 
generated by æ in G. On account of a theorem of Malcev [7], to show that L 
is closed in G, it suffices to show that, for each ze L, the closure g(x) of 
g(a) lies on L. If g(x) is not compact, then g(z) is isomorphic with the 
additive group of reals, and hence g(x) = g(x) C L. Now assume g(s) to 
be compact. Since ce L C M and M is closed, g(x) C M. . From the fact 
that H° C H C M, we know that T? is a maximal toral subgroup of M. There 
exists then an element q of M such that qg(z)q? C T But L is a normal 
subgroup of M and g(x) C E. Therefore, we have 


gD CTINL. 
Let T* be the identity component of T? N L. From the connectedness of g(x), 
qg(x)q* C T*, and hence qg (ejg? C T*. The subgroup T*, being generated 
by H° N L, is closed by hypothesis. Therefore, 
qg (ajg CT# = T*CTALCL 
whence g(x) Cq*Lg=—L. Thus L is closed. 


(7.4) Let H be a Cartan subalgebra of G, and HM, a rational subalgebra 
of H. Suppose that hı, he" ` >, Ro hons’ © < hr form a rational base of H 
such that hy, he, + -, ha span H,. Then the linear subspace L spanned by 


{L N H, eg, ep: BE @, pE} 


forms a subalgebra of G where ®© denotes the totality of roots B of G such 
that Leg, Hı] — 0, and ©’the totality of positive roots with respect to the 
rational base hy, he: © ©, hy. 


Proof. Firstly, we see at once that 
[L N A, L] C L, Les, ey] C L, Lep, er] eL 
whenever B, ye ® and p,re@,. Thus to prove (7. 4), it is sufficient to show 
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that [es, ep]  L for Be ® and pe ®@’, p# ©. For this purpose, let us denote 
by Aa," ©, à the coordinates in H with respect to the rational base h, +, hy. 
We write the roots £, p as linear combinations of the X's: 


B = tida t+ + Too + Pandan f° + TA, 
p = SA, + ce “+ Saña À Sar1as1 +: TA + Su. 


Since [eg, H,1 = 0, B(h’) — 0 for all W’ in H,. It follows then r, = r, =- 
= == 0. Let 7 be the least integer such that s; 0. The root p is positive 
so that s; > 0. If 7 >a, then p(hi) = p(he) =: * > == p(he) = 0, and then 
| ep, H| = 0 which contradicts the fact p#@. Therefore, 7 = a, and we have 


B + p= sgt: > ++ Sada + (Sas F Tam) eu +: "+ (+ ri) 


Since s; > 0, 8 + p is always positive in our sense. The commutator [eg, ep], 
being either zero or a multiple of the positive root vector es,, must belong 
to E. This proves (7. 4). 


8. Proof of Theorem II. By hypothesis, X is a C-subgroup of K. We 
consider the subgroups To, T, and U as given in (7.1). Then 


rank (K) = dim. T, + rank (U), rank (£) = dim. T, + rank (U). 


Taking account of the known facts that the difference between the dimension 
and the rank of a compact Lie group is always even, we obtain immediately 


dim. T, — dim. T, = rank (K) — rank CY) = dim. K — dim. XY (mod. 2). 
Since dim. K — dim. X — dim. (K/X) is even, it follows that 
(8.1) dim. Tı — dim. 7,=0 (mod.?). 


Let K°, X°, T°,, T”, be the Lie algebras (real Lie algebras) of K, X, T, 
To respectively. We consider the complex form G of K°, and choose a Cartan 
subalgebra H of G. Denoting by ep the normalised root vectors of G [13], 
we can imbed K° in, G as the totality of linear combinations with real 
coefficients of the following vectors: 


{ep + ep); Cp — Ep; iLep, ep] :.p = roots of G}. 


Let G be the simply-connected complex Lie group with G as its Lie algebra. 
Then K is identified with the subgroup generated by K? in G. Let H° be 
the space spanned, with real coefficients, by {i[ep, ep]: p = roots of G}. 
This H°? is a° maximal abelian subalgebra of K°. Since maximal abelian 
subalgebras of K° are conjugate, we can assume T°, C H°. Since T,, Teo are 
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toral subgroups and T°, C T°, C H° C H, we know from (7.2) that there 
exist linearly independent rational elements fi, he: © +, hos how,’ * * , Ra Such 
that (i) thi: + +, iha, ihe,’ © +, iha span Ti, and (ii) thos, tho, > +, he 
span T°, where a — dim. T;, a — b = dim. To. From (8.1), it follows 


(8. 2) b==0 (mod. 2). 


From (7.1), U is the semi-simple part of the centraliser of T, in K. 
Thus its Lie algebra U° is the semi-simple part of the centraliser of T°, in K°. 
A direct calculation tells us that U° is spanned, with real coefficients, by 


{i(es + ep), eg — ep, es, es]: Be O} 


where © denotes the totality of roots 8 of G such that 


Ba) = B(he) =° + < = B (ha) = OF 


Let H, be the complex subspace spanned by hı, he, + +, ha. This is a rational 
subalgebra of H. We can also regard © as the totality of roots 8 of G such 
that [es,H,] —0. Let I’ be the rank of U. Then from (7.1) 


(8.3) V = rank (K) — dim. T, = l — a. 

Among the vectors [es, eg], Be ®, there are exactly V linearly independent 
ones because {i[eg, es]: Be @} span a maximal abelian subalgebra of U®. 
On account of (8.3), we can denote these V linearly independent elements by 
hast, Masa,’ * *, hi Since eg are normalized root vectors, these h’s, being of 


the form [es, e_g|, are rational elements of H. Moreover, since T°, N U? = 0, 
the elements 


hi, : ` “fim Moss: | “o Marhaus" >, hy 


are linearly independent. Thus they form a rational base of Ħ. 
We know from (7.1) that X is, locally, the direct product T, X U. 
Thus X° = T°, + U’, and thus X° is spanned, with real coefficients, by 


{thos ma 3 tha, tasis ONS 9 thi, i(eg -|- ep), 6B a 8p: B € @}. 


Let c be a non-zero real number. On account of (8.2), we can construct 
u = 6/2 vectors of the following form: 


l k = thy + Cho, ke = ays + Cha, me key == 4h51 +- Chy. 
Now let us consider the complex linear subspace L, spanned by 
Las © +, ku how © +, hy ep, ep: BEO, peo’ 


where © denotes the totality of positive roots of G with respect to the rational 
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base hy, ho’ + * , hs of H. From (7.4), L, forms a subalgebra of G. More- 
over, it can be easily seen that 


(8.4) L, N K? = X°. 


Firstly, we want to show that L. generates a closed subgroup in G. For this 
purpose, let us denote by H° the totality of linear combinations with real 
coefficients of thi, ha," © -ih Taking account of the fact c40, we find 
immediately | 
L. N He = Hm X. 


Since both H and X° generate a closed subgroup in G, so does their inter- _ 
section H N X°. Thus LE, H° generates a closed subgroup in G. The 
normaliser of L, in G is evidently H + LE, which contains H. (7.3) then 
tells us that L, generates a closed subgroup Le in G. | 

Let 2¢ be the number of roots of G, 24 the number of roots in ©. Then 
© contains exactly £ roots, and 


dim. G = 2dim. G = 2 (2t + 1), dim. K = 2¢ +1. 
Moreover, © and © have t-—? roots in common. By a counting of linearly 
independent vectors, we find that 
dim. L, == 2dim. L, 
== 2 (0/2 + 1—b + Oe LE) = QI—B + 9 + OY 
dim. X = dim. X? == | — b + 27, 
It follows then that 
(8. 5) | dim. G — dim. L, = dim. K — dim. X. 


Now consider G as a transformation group of G/Z in the natural manner. 
Let O be an orbit of K on G/Le Then O is homeomorphic with the coset 
space K/(K N Le). From (8.4), X is the identity component of Le N K, 
and thus (8.5) tells us that 


dim. O = dim. K — dim. (Le N K) 

= dim. À — dim. X = dim. G — dim. L, == dim. (@/Z,). 
The orbit O, being a closed manifold, cannot be imbedded as a proper subset 
of a manifold of the same dimension. Thus O = G/L. and thus G/L, is 
compact. Since G is simply-connected, and Le is connected, G/L, must be 


simply-connected. From the fact that K/(K N Le) = O = G/L, is simply- | 
connected, we know that K N Le is connected whence X == K N Le. There- 
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fore, K/X =O is homeomorphic with the complex coset space G/L,. 
Theorem II is thus proved. 

In the above proof of Theorem II, we have eventually shown that there 
are infinitely many L,’s serving our purposes. This fact will be used later on. 
We shall state it precisely as follows: ` 


(8.6) Let K be a simply-connected, compact semi-simple Ine group, 
and X a C-subgroup of K. Suppose that K/X is of even dimension and has 
vanishing Euler characteristic. Let G be the complex semi-simple Lie group 
in which K is imbedded as a maximal compact subgroup. Then, to each real 
number c different from zero, there corresponds a connected complex subgroup 
L, of G such that (i) G/L, is homeomorphic with K/X and X = LN G, 
(11) Le Le whenever cc’, (ii) all the Le have the same normaliser N 
whose Lie algebra N contains a Cartan subalgebra of the complex Lie algebra 


of G. 


Proof. Here, all the notations used in the proof of Theorem IT will be 
adopted. We recall that Le is spanned by the vectors: 


{thy + Cho, +*+, thya— Cho, hos,’ + * 5 hy ep, ep: BED, pe O'} 


and Le is the subgroup generated by Le in G. Connectedness of Le and 
property (i) have already been proved in Theorem II. Now by hypothesis, 
the Euler characteristic of K/X vanishes. Thus rank (X) < rank (K), and 
then : 

b = dim. T, — dim. T, = rank (K) — rank (X) > 0. 


Hence L, 4 Le whenever c54c’. The groups Le and Le they generate must 
be different. This proves property (ii). As for property (iii), we consider 
the normaliser of L, in G. It can be easily seen that N is the linear sub- 
spaces spanned by 
{IL ep, ep: BEO, pe @’} 


which is independent of the parameter c. Moreover, this N evidently con- 
tains the Cartan subalgebra H of G. Thus the subgroup N generated by N 
in G is the common normaliser of all the Le. This completes the proof. 


In what follows, we need that G is effective on G/E,. Then K is, in 
general, not simply-connected. Proposition (8.6) has to be modified in order 
to suit our purpose. 


(8.7) Let K be a compact semi-simple Lie group, and X a C-subgroup 
of K. Suppose that K/X is simply-connected and even-dimensional and has 


aft) 
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vanishing Euler characteristic. Let G be the complex semi-simple Lie group 
in which K is imbedded as a maximal compact subgroup. If K acts effectively 
on K/X, then, in G, there is a collection {L,: c = real number, ¢340} of 
complex subgroups having the properties (i), (11), (iii) wm (8.6) as well as 
the property (iv) G acts effectwely on G/L. 


Proof. Let K be the universal covering group of K, and X the subgroup 
of K which covers X. Since K/X — K/X is simply-connected, X is connected. 
We can easily see that ¥ is a C-subgroup of K. Let @ be the complex semi- 
simple Lie group in which K is imbedded as a maximal compact subgroup. 
By (8.6), there is a collection (Li of complex subgroups of G having the 
properties (i), (ii), (iii) with respect to K, X, G. Let +: G—>G be the 
projection. Up to an automorphism of G, we can assume a(K )= K, 
r(X)=X. The subgroups L, = ~(Le) evidently have the properties (i), 
(ii), (1) with respect to K, X, G. It remains only to show that G acts 
effectively on G/L,, or what is the same, that Le contains no normal subgroup 
of G except the identity. Let Q be the maximal normal subgroup of G 
contained in Le Then KN Q CL, K= X. From the effectiveness of K 
on K/X, we know that K N Q contains only the identity. A simple argu- 
ment on Lie algebras tells us that dim. Q == 2dim. (K N Q), and hence Q 
must be discrete. Thus Q belongs to the center of Œ which belongs to K. 
It follows that Q contains only the identity. The effectiveness of G on G/DL, 
is hereby established. 


9. Two propositions. In order to study the group of all analytic homeo- 
morphisms of a C-space, we shall first prove two rather simple propositions: 


(9.1) Let W == B/L, be a left coset space of a Ine group B. Suppose 
G to be a closed subgroup of B transitive over W. If B is effective on W, 
then the Lie algebra L, of L, cannot contain any non-zero subspace Q with 
[&, Q] C Q, where G denotes the Lie algebra of G. 


Proof. Let V be the least subalgebra which contains Q. Evidently, 
VCH, [6,V¥] CV. Let V be the subgroup generated by V in B. Then 
V C L, and G is contained in the normaliser of V. Since G is transitive 
on W, each element of W takes the form gl, where ge G. Let veV. We 
have vg = g (gwg) egV C gl, and thus vgl = gL, for each g of G. This 
tells us that v induces the identity transformations on W. By hypothesis, 
B is effective so that V contains only the identity. Therefore, the subalgebra 
V as well as the linear subspace Q must be zero. (9.1) is proved. 
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(9.2) Let p be a non-trivial irreducible representation of a complex 
semi-simple Lie algebra G over a vector space V, and V™ a subspace of V 
invariant under (es) for all the positive root vectors ep of G. If, moreover, 
V* contains all the weight vectors with non-vanishing weight, then V = V*. 


Proof. We note that we have a fixed Cartan subalgebra H based on 
which the weight vectors, weight spaces and weights are defined. Moreover, 
we have a fixed rational base of H by which the ordering of weights and the 
ordering of roots of G are determined. Since ¢ is non-trivial, the minimum 
weight A of ¢ must be negative. Take a vector v with weight A. Then each 
vector v’ of the form: 
v == Labo * + Ea (0) 


is a weight vector with weight equal to A + a; + 4 +: --—+a,, where 
Ea = ġ (ĉa), €a denoting the root vector corresponding to the root a. Since ¢ 
is irreducible, all the vectors v’ of the above form span the entire space V. 
Thus to prove our proposition, it suffices to show that each v’ belongs to V*. 


Tf A+t+a,+a+---+4a,540, then ve V* by hypothesis. Now 
assume A + 4,-+- +--+ as = 0. We shall call s the length of the vector +’, 
and use induction on s. If the length s is zero, then v =—veV*. Suppose 
v'e V* whenever the length is less than s. We consider a v’ of length s. 
Since A-+a,-+-:+-+-+a,=—0 and A is negative, one of the a’s must be 
positive. Let 7 be the least integer such that «æ; is positive. We can easily 
verify that 


4 
v = Le Hoe 7 Ea, (v) = ey Be, "a Baaba Re ‘Ba, (v) + > Fi(v) 


where 
Fi == Bobo,’ * + Ears Eao] Bois" Boros Ea 
Since A + a +: +b aja + ja + rg == — 4; 0, 
v” = Ho Ha? * * Eaa Boa’ * * Ha, (v) € V*. 


3” 


From the invariance of V* under Fa, == $(éa,), we know that Ea, (v) e VX. 
As for F, there are three possibilities. If a; + &; is not a root, then F; = 0; 
if + a; = 0, then Fi(v) is a vector of length s—-2; and if æ; + a; is a 
root of G, then F;(v) is a multiple of a vector of length s—1. Thus, by 
induction hypothesis, F;(v) always belongs to V*. It follows then that 


ET 

v = Ea (0) LS Fv) belongs to V*. The induction is completed and 
$=1 

(9.2) is proved. 
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10. Group of all analytic homomorphisms. Let B be the group of all 
analytic homeomorphisms of a C-space. From a theorem of Bochner-Mont- 
gomery, it follows that B is a complex Lie group. In the present section, 
we shall show that the radical of B coincides with the center of B. 


THEOREM III. Let B be the identity component of the group of all 
analytic homeomorphisms of a C-space W. Then B is, locally, the direct 
product of a complex semi-simple Lie group and a complex vector group. 


Proof. From § 3, we know that B is a complex Lie group and that the 
isotropic subgroup L, of B is a complex subgroup of B. Since W = B/L, is 
simply-connected, L, must be connected. Let B == GR be a Levi-decomposition 
of B where G denotes a maximal semi-simple subgroup of B and À the 
radical. Choose a maximal connected solvable subgroup Àf of the intersection 
L= L, N G. This M is contained in a certain maximal connected solvable 
subgroup, say M, of L, Evidently, M is the identity component of M, N G. 
We shall first show 
(10. 1) dim. M, — dim. M = dim. À. 


For this purpose, we observe that B/M, is a fibre bundle over B/L, with L,/M, 
as the fibre [11], p. 80. The base space B/Z,, being homeomorphic with W, 
is compact and simply-connected. By using first (8.5) and then (3.1), we 
see that Lı/M, is compact. Thus the bundle space B/M, is compact. More- 
over, (3.5) tells us that 7,(4,/M,) is finite. From this fact and the simply- 
connectedness of B/L,, it follows that the fundamental group 7,(B/M,) 
is finite. Proposition (2.3) then tells us that the maximal semi-simple sub- 
group G is transitive over B/M, and hence B/M, = G/ (G N M). We have, 
therefore, 
dim. G + dim. R — dim. M, == dim. B — dim. M, 

= dim. G — dim. (M, N G) = dim. G — dim. M 
which gives (10.1). 

Let B, G, R, L:, L, Mı, M be the Lie algebras of B, G, R, L:, E, Ma, M 
respectively. All of them are complex Lie algebras. Passing the relations 
among these groups to their respective algebras, we obtain (a) B =G -- R 
is a Levi-decomposition of the complex Lie algebra B, (b) M is a maximal 
solvable subalgebra of £, (c) M, is a maximal solvable subalgebra of L,, 
(d) L= L, N C, M =M, N G. Now choose a maximal solvable subalgebra 
S, of B such that M, C §,. Obviously, S, can be written in the form: 
S, =S -4R where S denotes a maximal solvable subalgebra of G. Thus 


M =M, G = (M,N S) NG=M, N (SNAG) =M NS. 
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From the theory of vector spaces, | 
dim. (S + M,) + dim. (M, N S) = dim. S + dim. M,, 
or what is the same, 
dim. (S + M,) = dim. S + dim. M, — dim. M. 


On the other hand, we have from (10.1) that dim. M, — dim. M — dim. R. 
Therefore, dim. (S+ M) = dim. S+ dim. R. But dim. S, = dim. S+ dim. R 
and S+ M, CS; It follows then 


Now let us consider S. Since it is a maximal solvable subalgebra of G, 
there exists a Cartan subalgebra H of G and a rational base fi, he, © +, tu 
of H such that § is spanned by H together with all the positive root vectors 
of G. Since W = B/L is a C-space, (2.3) tells us that G is transitive over 
W, and W = G/ (L, N G) = G/L. Taking account of the fact M CS, we 
know from the first two paragraphs of $ 5 that (i) LA H is a J-subalgebra 
of H, (ii) L is spanned by LN H and some root vectors, and (iii) all the 
positive root vectors belong to L. From (iii), it follows immediately 


(10. 3) [S, S] CLC L. 
Let œ be the representation of G over the radical R defined by 
p(g)(w) = [g,w], geG, weR. 


This is a well-defined representation as R is the radical. We consider a non- 
trivial irreducible component ¢, of ¢, and denote by Æ’ the subspace of R 
corresponding to 1. Then À” is decomposed into weight spaces: 


R = By, + Ent: E 


where A; denote the weights. Let w be a vector of ka, with A; 340. From 
(10.2), we know that w can be written in the form: w = g + y, æ £ S, y e M.. 
Since {h: he H, A;(h) = 0} is a rational hyperplane and LA À is a J-sub- 
algebra, there exists ho e H N L such that A;(ho) 40. Thus 


Aj(ho)w = $(ho) (w) = [ho £] + [ho Y], 
and thus | 
w = (Lo, ©] + [ho Y1)/A(ho). 


Both ho and y belong to L, so that [ho y] £ Lı. As for [ho £], we have 
from (10.3) . i 


[ho £] e [H, S] C [S, S] C L. 


EEN 
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Therefore, we L, and then weL N R’. Since this holds for all weight 
vectors with non-vanishing weight, we know that the subspace L N KR” con- 
tains all the weight vectors with non-vanishing weight. Moreover, for each 
positive root vector ep of G, ep € L, so that 


$ (ep) (Li N R’) = [ep, Li 0 R’] C LNR. 


In other words, the subspace LE, R’ of R’ is mvariant under ¢(ep). 
Proposition (9.2) then tells us that R = L, N R’, or what is the same, 
R’ C L. Taking account of the fact [G, R’] C R’, we see from (9.1) that 
R’ — 0 because of the effectiveness of B on W. Therefore, each irreducible 
component of ¢ must be trivial. Iw other words, ¢ is trivial. We have then 
[G,R]—0. This shows that the Levi-decomposition of B is a direct sum. 

It remains for us only to show that the radical R is abelian. Let w, w’ 
be two vectors in R. On account of (10.2), we can write them in the form: 


w == t+ Y, w =g +, x, eSCG, y,YeM CE. 
Thus 
[y y] = [w — z, w — g] = |v, w] + [2,2], 
and thus 
[w, w] = [y, y] — Le, z]. 


The right hand side belongs to L, on account of (10.3) while the left hand 
side belongs to R. Hence [w, w] eL: N R. From (9.1) and the fact 
[G, R] — 0, we know that Lı N R == 0, whence [w, w] — 0. R is therefore 
abelian and Theorem III is proved. 


11. Homogeneous complex structures over a given manifold. Let M 
be a manifold over which two complex structures 2 and W are defined. 
These two structures are called equivalent if the two complex manifolds 
(M,A) and (M, W) are analytically homeomorphic. It is the aim of the 
present section to study the number of inequivalent homogeneous complex 
structures over a given manifold. 


Tasorem IV. Let M be a simply-connected closed manifold with non- 
vanishing Euler characteristic. Then M has at most a finite number of 
inequivalent homogeneous complex structures. 


Proof. On account of (2.3), it is sufficient to show that there are only 
at most a finite number of analytically non-homeomorphic coset spaces G/L 
whose underlying spaces are homeomorphic with M where G denotes a complex 


5] 
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semi-simple Lie group. Let dim. M =n. Since the maximal compact sub- 
group K(G@) of G is transitive over M, we have dim. K(G) = n(n +1)/2. 
Thus dim. GS n(n- 1) and thus up to isomorphisms, there are only a 
finite number of possible G’s. Now fix the complex semi-simple Lie group G. 
Since the Euler characteristic of M is different from zero, we can see without 
difficulty that the Lie algebra L of L contains a Cartan subalgebra H of the 
complex Lie algebra G of G. Thus L is spanned by # and some root vectors 
of G. It follows then that, up to inner automorphisms of G, such sub- 
algebras L are finite in number. Thus, up to automorphisms of G, we have 
only a finite number of such subgroups L. Hence, the number of different 
coset spaces G/L homeomorphic with M is finite. This proves our theorem. 


When the Euler characteristic of M vanishes, the situation is entirely 
different. We shall see, in this case, that Jf has either no homogeneous 
complex structure or non-countably many inequivalent ones. 


(11.1) Let W = G/L, W = G’/I’ be two C-spaces where G, G’ denote 
respectively the maximal connected semi-simple subgroups of the groups B, 
B’ of all analytic homeomorphisms of W, W’. If W and W’ are analytic 
homeomorphic, then there is an isomorphism 0 of G onto G’ such that 
O(L) == 17. 


Proof. From Theorem III, we know that B as well as B’ has only one 
maximal connected semi-simple subgroups. From this fact, Proposition 
(11.1) follows immediately. 


(11.2) Let N be a closed subgroup of a complex semi-simple Ine group 
G such that N contains a maximal toral subgroup T of G. Let A be the 
group of all automorphisms of G which leave N invariant, and À, the group 
of all those inner automorphisms induced by elements in N. Then A/A, 
ws finite. 


Proof. We first observe that if an automorphism fe A leaves invariant 
the subgroup T, then its differential dB leaves invariant a Cartan subalgebra 
H of the complex Lie algebra G of G. Therefore, such automorphisms are 
finite in number. Let us denote them by 8i; B2,:--, Bs. We shall show 
that A = Aoff1 U Aoß2 U ` © > U 406 Suppose «eA. Then a(7) CN. 
Since T and a(T) are two maximal toral subgroups in W, there exists an 
inner automorphism y of N carrying T onto &(T)}. Since N C G, we can 
regard this y as an inner automorphism of G, and thus ye 44 The auto- 
morphism ya leaves invariant T. It must be one of the ’s, say 8; We 
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have then a = yß; € Aof; This tells us that 4/4, cannot have more than 
s elements. (11.2) is proved. 


(11.3) Let G be a complex semi-simple Lie group, and {Le} a collection 
of closed subgroups depending on a non-zero real parameter c. Suppose that 
(i) Les Le whenever cc’, (11) all the Le have the same normaliser N 
in G, (ili) the Lie algebra N of N contains a Cartan subalgebra H of the 
complex Ine algebra G of G. Then, in the collection {Le} of subgroups, 
there are non-countably many inequivalent ones under automorphisms of G. 


Proof. We divide the collection {Z4} of subgroups into equivalent classes 
by automorphisms of G. To prove (11.3), it is sufficient to show that each 
equivalent class contains only a finite number of L,’s. Suppose that L, and 
Ly are equivalent. Then there exists an automorphism « of G carrying Le 
onto Ly. Evidently, æ will carry the normaliser of Le to that of Le or what 
is the same, a(N) = N. On account of property (iii), N contains a maximal 
toral subgroup of G so that (11.2) can be applied. Using the same notations 
À, À, as in (11.2), we know that there exist elements o1,02,° © *, 0m of A 
with the property 

À = 9149 U 0240 U:: +> U amAo. 


Since ae À, æ = o;y for a certain j and a certain y of Ay. The group Ñ is 
the normaliser of Le, and y is an inner automorphism of N. Thus Le = «(L,) 
= oyy (Le) = o;( Le). This tells us that each equivalent class contains at 
most m different Les. Our Proposition (11.3) is hereby proved. 


THEOREM V. Let M be a simply-connected closed manifold. If its 
Euler characteristic vanishes, then it has either no homogeneous complex 
structure or non-countably many inequivalent ones. 


Proof. Suppose that M has a homogeneous complex structure. Then 
M is homeomorphic with a coset space K/X where K is a compact semi- 
simple Lie group and X a C-subgroup of K. As can be easily justified, we 
can assume that K acts effectively on K/X. Of course, there may be various 
pairs (K, X) with these properties. Now we choose (K, X) so that K is of 
highest possible dimension. Let G be the complex semi-simple Lie group in 
which K is imbedded as a maximal compact subgroup. From (8.6), there 
exist a collection {Le} of closed complex subgroups of G depending on a non- 
zero real parameter c with the following properties: (i) G/L, is homeomorphic 
with K/X for each c, (11) Le Le whenever cc’, (iii) all the Le have 
the same normaliser N whose Lie algebra contains a Cartan subalgebra of the 
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Lie algebra of G, (iv) G acts effectively on G&/L4. Evidently, each G/L, is a 
C-space homeomorphic with W. Thus, to prove our theorem, it suffices to 
prove that, in the collection {£,: c40, c = real number} of complex coset 
spaces, there are non-countably many spaces which are analytically non-homeo- 
morphic with one another. 


Let W, = G/L, and B be the group of all analytic homeomorphisms of 
W,. In the natural manner, each element of G can be regarded as an analytic 
homeomorphism of W,. On account of the effectiveness of G on We, we can 
regard G as a subgroup of B. From Theorem III, B has a unique maximal 
connected semi-simple subgroup G*. Thus GC G*. We know from the 
proof of Theorem I that W, is homeomorphic with K(G*)/X* where K (G*) 
denotes a maximal compact subgroup of G*, and A* a C-subgroup of K(G*). 
From our choice of our K and X, it follows that dim. K(G*) = dim. K. 
Hence dim. G* = 2dim. K(G*) = 2dim. K = dim. G, and hence G = G*. 
In other words, G is the maximal connected semi-simple subgroup of the 
group of all analytic homeomorphisms of W,. Taking account of this fact, 
we know from (11.1) that We and We are analytically homeomorphic if and 
only if L, and Le are equivalent under automorphisms of G. (11.3) tells us 
that there are non-countably many inequivalent L,’s. Therefore, there are 
non-countably many analytically non-homeomorphic W,’s. The theorem is 
hereby proved. 


12. Determination of C-spaces. To determine all the C-spaces, we 
shall introduce a class of closed manifolds which are closely related with 
C-spaces. Let K be a simply-connected compact simple Lie group, and U a 
semi-simple C-subgroup of K. The coset space K/U is called an M-manifold. 
From the homotopy sequence, it follows immediately that an M-manifold is 
simply-connected and has a finite second homotopy group. Thus its second 
Betti number vanishes. 


THEOREM VI. Each C-space W is a fibre decomposition space of a product 
M of M-manifolds with torus as the fibre (i. e., the product M is a torus bundle 
over W). Conversely, suppose M = M, X M.X: X M, to be a product 
of M-manfolds K;. If M is even-dimensioned, then M has infinitely many 
inequivalent homogeneous complex structures. Moreover, the resulting com- 
plex manifolds are non-kählerian. 


Proof. Let W be a C-space. By Theorem I, it is homeomorphic with a 
coset space K/X where K is.a compact semi-simple Lie group and XY a O- 
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subgroup of K. Let U be the maximal connected semi-simple subgroup of X. 
Then U is a normal subgroup of X, and X/U is a toral group. From the 
theory of fibre bundles [11], we know that K/U is a fibre bundle over K/X 
with X/U as the fibre. Thus W is a fibre decomposition space of K/U with 
the torus Y/U as the fibre. Hence, to prove the first part of Theorem VI, 
it suffices to prove that K/U is a product of M-manifolds. Firstly, we observe 
that K can be assumed simply connected, for otherwise, we can take the 
universal covering group of K in place of K. Thus K is decomposed into a 
direct product of simply-connected, compact simple Lie groups: 


K=K,®K,©::-@K,. 


By definition of C-subgroups, U is the semi-simple part of the centraliser Q 
of a toral subgroup of K. Evidently, Q has the same rank as K. It follows 
then [5] 
Q = (K:N Q) B (K2N GQ) S- (ENQ). 


Thus U = U,®@U,@:--+@U, where U; denotes the semi-simple part of 
Kin Q, and thus 


(12. 1) K/U == K,/Uı X Ke/Ua X ` ° -X Ke/Us 


We can verify without difficulty that U; is a C-subgroup of K;. Moreover, 
each K; is a simply-connected, compact simple Lie group. Therefore, K;/U; 
are M-manifolds. (12.1) then proves the first part of our theorem. 

As for the second part, we write M; = K;/U; where K; denotes a simply- 
connected, compact simple Lie group and U; a semi-simple C-subgroup of Ki. 
Then the product space M — M, X MaX -X M, is homeomorphic with 
the coset space 


(K,@ K,@---@K,)/(U:8U,@- - -@U,). 


The product KQ K: 69: : QK, is obviously a simply-connected and compact 
semi-simple Lie group. Moreover, it is easy to see that 7, D U: Q: QU, 
is a C-subgroup of K,@K,@---@K;. The existence of homogeneous 
complex structure over M then follows from Theorem IT. By hypothesis, 
each M; is an M-manifold so it has vanishing second Betti number. Thus M 
also has vanishing second Betti number. It follows that Jf can never be 
rendered a kählerian manifold. Besides, we know from the Corollary in § 6 
that the Euler characteristic of M must vanish. Theorem V then tells us 


HOMOGENEOUS COMPLEX STRUCTURE. 31 


that M has infinitely many inequivalent homogeneous complex structures. : 
-Theorem VI is hereby proved. 

From the above theorem, the study of the topological properties of C- 
spaces is reduced to that of M-manifolds. By definition, an M-manifold is a 
coset space K/U where K is a compact simple Lie group and U a semi-simple 
C-subgroup of K. Thus U is the centraliser Q of a toral subgroup of K. 
Taking account of the fact that Q has the same rank as K, we can determine 
all the U’s by using known results [5], [12]. Here we shall simply state the 
results without elaborating. 


THEOREM VII. The M-manifolds M — K/U corresponding to a classical 
group K are gwen as follows: 


Ai/(Ay X Au X °° © X A); Shtet: e Hattas], 

E E A EEE SO, ee EEE E e 
a E E E E E E E ER ee ee 
Df(Ay X Ag X` ` ° X Au X Da), Shati t His ta+d=i—-]1 


where A; B; C;, D; denote, respectively, the compact simple Lie groups of 
Cartan classes À, B, C, D with rank j. 


As for the exceptional groups, we will not enumerate all their semi- 
simple C-subgroups. Only the maximal ones will be given. In fact, this is 
sufficient as we can easily prove the following: 


Let U, U* be two semi-simple C-subgroups of K. If U C U* then U is 
. & C-subgroup of U*. 


THEOREM VIII. All the semi-simple maximal C-subgroups of the excep- 
tional groups are gwen by the following table: 


Group maximal semi-simple C-subgroups 
“Qe À 
CE, | Ba, Cu A1 X As 
és (De A ASC AnA XAXA 
Er Es, Ac, A1 X As, As X Aa, A1 X Ao X As 


Es Er, Dr, Ar, A, X Eg, Ar X Ae, Ao X Ds, As X As, A1X As X As i 
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Added in Proof. In connection with the results in this paper, H. Samel- 
son has recently proved that the underlying space of an even-dimensional 
compact Lie group has always a homogeneous complex structure (to appear 
in Portugaliae Mathematica). 


ALABAMA POLYTECHNIC INSTITUTE, 
AUBURN, ALABAMA. 
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INVARIANT AFFINE CONNECTIONS ON HOMOGENEOUS 
SPACES.* 


By Karsumr Nomizv. 


Introduction. The purpose of the present paper is to clarify and 
generalize the work of E. Cartan on the relationship between differential 
geometry and the spaces of Lie groups and the homogeneous spaces. We 
study the existence and properties of invariant affine connections on homo- 
geneous spaces of certain types, in particular, on symmetric homogeneous 
spaces. By a symmetric homogeneous space we mean a homogeneous space 
G/H where G is a Lie group with an ie automorphism e and H is 
the subgroup of fixed point of o. 

Our problem may be explained, roughly, as follows. Let G/H be a 
homogeneous space of a connected Lie group. It is well known that if the 
subgroup H is compact, one can introduce a positive definite riemannian 
metric on G/H which is invariant by G acting on G/H in the natural fashion. 
The affine connection which is canonically associated to this invariant metric 
is then an invariant affine connection on G/H. The question arises, there- 
fore, whether there exist invariant affine connections on G/H when H is not 
necessarily compact. Even when it is compact, there may exist invariant 
affine connections which do not arise from any metrics. In the case of a 
symmetric homogeneous space G/H with compact H, the invariant affine 
connection arising from any invariant metric has certain remarkable properties, 
first noted by E. Cartan, and serves as an important tool for the investigation 
of the space. If one attempts to generalize his theory to any symmetric 
homogeneous space, it is of primary importance to establish the existence of 
an invariant affine connection on it, having properties similar to those of the 
riemannian conncetion in Cartan’s study. 

We shall investigate these questions for a fairly general class of homo- 
geneous spaces, which we call reductive and which includes the symmetric 
homogeneous spaces. In Chapter I, we shall give a general definition of affine 
connection, which is due to Koszul, and we shall formulate certain basic 
concepts in the theory of affine connections in a form convenient for our 


* This paper was written while the author was a Eugene Higgins Fellow at 
Columbia University. $ 
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purpose. In Chapter II, we shall study the existence and properties of 
invariant affine connections on reductive homogeneous spaces. We shall see 
that the problems which arise can be reduced to algebraic questions con- 
cerning the Lie algebra of G and that of H. Specifically, we show that there 
exists a one-to-one correspondence between the set of invariant affine connec- 
tions on G/H and the set of bilinear functions, called connection functions, 
which are themselves of simple nature (Theorem 8.1). In particular, there 
exist always two important affine connections, called the canonical affine 
connections of the first and second kind (Theorem 10.1 and Theorem 10. 2). 
The well known theorem concerning the holonomy group of a riemannian 
symmetric homogeneous space is obtained for the canonical affine connection 
of the second kind on any reductive homogeneous space (Theorem 12.1). 

Chapter ITI is devoted to a treatment of affine symmetric spaces. 
Applying the results of Chapter IT, we shall first clarify the existence and 
properties of a natural affine connection on any symmetric homogeneous space. 
We include a generalization of Cartan’s theorem concerning the largest con- 
nected group of isometries of a riemannian symmetric space (Theorem 16.1). 
We shall then give a theorem showing the equivalence of various definitions 
of affine symmetric spaces (Theorem 17.1); the proof of the most essential 
part is given as a special case of a more general theorem which is established 
in Chapter IV. In Chapter IV, we shall characterize the spaces with affine 
connection such that the covariant derivatives of the torsion and curvature 
tensor fields are both zero (Theorem 18.1). It turns out that such a space 
may be characterized in two ways, geometrically and group-theoretically. 
Geometrically, it is an affine connection which is invariant by its parallelism. 
Group-theoretically, such a space may be locally representable as a reductive 
homogeneous space with its canonical affine connection of the second kind. 

My interest in the subject arose from Dr. Koszul’s seminar on symmetric 
spaces given at the University of Chicago in the spring of 1952, and from 
the subsequent conversations I had with Dr. Koszul and Professor Chern. 
I have also had the privilege of having frequent discussions and receiving 
valuable criticism from Professor Chevalley during the preparation of this 
work. I would like to take this opportunity to express my sincere gratitude 
to these mathematicians. 


Chapter I. Affine Connection. 


1. Affine connection. Let M be a connected differentiable manifold of 
class C®. We denote by $ the ring of all differentiable functions on M and 
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by & the set of all infinitesimal transformations on M+ Xf, where XexX 
and fe %, denotes the function in % which is defined by (Xf) (p) = X, (f). 
On the other hand, fX denotes the infinitesimal transformation which is 
defined by ({X)p=—=f(p)X,. In this way, X can be considered as a module 
over %. Æ can be also regarded as a Lie algebra of infinite dimension over 
the reals with the usual bracket operation [X,Y]. We then have 


(1:1) [fX, gY] = fg[X, Y] + f(Xg)Y —g(Ff)Z 
for f,geF and X,Y eg. | 


An affine connection on M is, by definition,? a rule which assigns to each 
XeX an -endomorphism +(X) of X and which satisfies the following 
conditions: 


(1. 2) Cmca a caries 
(b) (FX) (Y) = f(X) (E) + (YPX. 
Then the following condition is automatically satisfied. 


(c) If either X or Y is identically zero in an open subset U of M, 
then so is (X) (Y). 


If M has an affine connection, then any open submanifold U of M has 
an induced affine connection. Namely, one can define an affine connection 
ty in U, as follows: Let X and Y be any given infinitesimal transformations 
in U./ For any given point » in U, there exist infinitesimal transformations 
A’ and Y’ on M which coincide in a certain neighborhood of p with X and Y 
respectively. One defines (¢p(X)(Y))p == (¢(X’) (FY) )p, which is a tangent 
vector at p. This tangent vector is uniquely determined independently of 
the choice of extensions X’ and Y’ of X and Y, in virtue of the condition (ce). 
It is a trivial matter to verify that p — (to(X)(Y))p is an infinitesimal 
transformation in U and that X — ty(X) satisfies the conditions of affine 
connection in U. 

In particular, if U is a coordinate neighborhood with local coordinates 


æ,a?,- + +,a", the induced affine connection ty in U can be expressed by 
(1.3) tu (8/82) (8/327) = À 1%; (0/02), 
kzi 


* For the terminology concerning manifolds we follow Chapter III of [7] with 
obvious change of analyticity into infinite differentiability. 

* This definition is due to Koszul and has been communicated toeme orally. For 
the standard treatment of affine connections, we refer to [6]. 
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where (9/8x) are infinitesimal transformations in U such that (0/dz')f — 6f/dat 
for any differentiable function f in U and I,(4,7,4 = 1,2,-°:+,n) are 
certain differentiable functions in U. By a coordinate transformation in U 
the TE; undergo the transformation which is well known in classical differ- 
ential geometry; this follows easily from the conditions of affine connection. 
Conversely, given an affine connection in the classical sense by means of I; 
in each coordinate neighborhood, one defines ty by (1.3) in each coordinate 
neighborhood and then defines (¢(X) (Y ))p = (ty(Xv) (Yu) )p at each point 
p of M, where U is a coordinate neighborhood of p and Xy and Yy are the 
restriction of X and Y to U respectively. It is easy to see that this process 
defines legitimately an affine connection XY — t(X) in our sense. We have 
thus seen that our notion of affine connection coincides with the classical one. 


2. Transformations. Let ¢ be a differentiable homeomorphism of M 
onto itself. We shall denote by (¢’), the linear mapping of the tangent 
space T(p) at p into the tangent space T(¢(p)) at (p) which is induced 
by ¢. We shall also denote by ¢’ the mapping of Æ onto itself defined by 


(°° X)p = ($') 94-p° Lorp 
as well as the mapping of % onto itself defined’ by 


($f) (p) =f (97 (p)). 


Then we have the following formulas: 

(2. 1) pP: (Af) = (H X) (p f) 

(2. 2) p: (FX) = (¢'- f) (9: X) 

for fe and X eg. X is called invariant by ¢ if ¢’-X =Z. 

Given an affine connection X — {(X}) on M and a differentiable homeo- 
morphism of M onto itself, one can define a new affine connection 
A> (X) by 
(2. 3) PA) (Y) = (y: (GS X) (g Y)). 

If ¢(X) =t (X) for every XeX, we say that the affine connection is 


invariant by $, or that $ is an affine transformation of M (with respect to 
the given affine connection). 


Let us consider the case where the %-module Æ has a finite base 
Li, Lo, + +, Xp, that is, every X e X can be uniquely expressed as X = S [Xi 
4=1 


where f; (t= 1,2,---,n) are functions in §. Then an affine connection 
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X —>t(X) is uniquely determined by the values (in Æ) of ¢(X;) (Xj) 
(i,1—1,2,:::,n) as we see from the conditions of affine connection. 
Conversely, by assigning any arbitrary values (in Æ) to ¢(4;) (Xj) (4,7 = 1, 
2, >, n) one can define ¢(X)(Y) for all X and F in & so that X > 1(X) 
is an affine connection. Let furthermore ¢ be a differentiable homeomorphism 
of M onto itself. Then an affine connection X —>t(X} is invariant by ¢ if 
and only if f’- (¢(X;) (X;)) —t(¢’- Xi) (p X;) for all 4,7 = 1,2, >,a. 
In particular, if each X; is invariant by ¢, then the affine connection which 
is determined by ¢(X;)(X;) is invariant by ¢ if and only if all ¢(.X;) (X;) 
are invariant by œ. 

In order to illustrate an application of the above considerations, we shall 
see how the left invariant affine connections on a connected Lie group are 
determined. Let G be a connected Lie group of dimension n and let 
Xi, Xa" *, X, be a set of linearly independent left invariant infinitesimal 
transformations of G. They form an %-base of the space Æ over G. A left 
invariant affine connection on G means an affine connection which is invariant 
by the left translations of G. By the above remarks, any left invariant affine 
connection is determined by its values of ¢(X;)(X;) (14,7—=1,2,: ::,n) in 
Æ which are themselves left invariant infinitesimal transformations. Since 
the left invariant infinitesimal transformations are determined by their values 
at the identity element e, that is, by the corresponding elements of the Lie 
algebra g of G, we see that each left invariant affine connection gives rise to 
a bilinear function « on g X g with values in g and vice versa. 


(2.4) There is a one-to-one correspondence between the set of left 
invariant affine connections on G and the set of bilinear functions % on g X g 
with values in g, the correspondence being given by (t(X)(¥))e==a(Y,X) 
for X,Y eg. 


3. Torsion and curvature. We shall find the expressions for the torsion 
and curvature tensor fields in terms of our definition of affine connection. 
Let U be a coordinate neighborhood in M with local coordinates 27, 2, - + -, g”. 
Let X1,X2,: © +,X, be any base of the module x(U) of infinitesimal trans- 


formations in U such that 9/0vi = D upX, (1 1,2,---,2) where ui are 
p=i 
certain differentiable functions in U with the determinant |, | which is 
not zero at any point of U. If we set ¢(0/d2*) (9/0x1) — Ý Tř; (8/da*) as 
i k=1 


before, the torsion tensor field has coefficients 7*,,—=1*,;—T*, We have 
easily | 
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(8.1) > T,;(0/da*) = t(0/0x1) (9/0x°) — ¢(0/0a*) (0/027) 


= À udtalt (Xa) (Xe) — to) (Za) — Ee, Lal) 
This leads us to the definition of the following mapping T of X X & into &: 
(3. 2) | T (X,Y) —t(¥)(X) —t(X) (¥) — LE, YI, X,Y ež. 
It has the properties that T(X, Y) = — T(Y, X) and T(fX, gY) = fg T (X, Y) 
where f, ge. It is a tensor field of type (1,2). Since 
T (8/dx', 0/da?) = 2 T*,,(0/da*), 


we see that T is nothing but the torsion tensor field. 
As for the curvature tensor field, we have the coefficients 


"n 
Ryg m AT k ÂT — 01/07" + > (Tin Tet << I" on™ 41) 
m=, 


which may be expressed in the following fashion : 


(3. 3) Š Riye(0/02t) = t(t(0/de") (0/02) ) (8/824) 
4-1 
—-#¢(t(0/0x") (8/0x4) ) (8/da*). 
We define therefore a mapping R of X X Z X Æ into &, or what amounts to 
thà same thing, a mapping of Æ X Æ into the space of mappings of X into 
itself by 
(8.4) R(X, ¥)-2—=t(#(Z)(¥))X—t(#(Z) (X))¥ —#(Z) - [X,Y] 


for X,Y,Z in X. R has the properties that R(X, Y) ——R(Y,X) and 
R(fX,gV) -hZ ==fgh R(X, Y)-Z for X,Y,Z in X and f,g,h in %. It is 
a tensor field of type (1.8). We see from (3.3) that À is nothing but the 
curvature tensor field. 


4, Covariant differentiation. The. covariant differentiation A which 
arises from a given affine connection is the derivation of the algebra of tensor 
fields on M which is uniquely determined by the following conditions: 


(4.1) (a) Af=df for fe, where d is the exterior differentiation ; 


(b) For any XexX and for any differential form œ of degree 1, 
AX, o> + <Æ, Awd = d<X, w>, where < , > denotes the con- 
traction of tensors ; : 
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(c) AX for XeX is determined as follows: in any coordinate 
neighborhood U with coordinates 2, z?,- - -,x* 


A (0/02) = È Tén(o/0*) ® de, 


where Q denotes the tensor product. 


From the last condition (c) and (1.3) we see that A(@0/év*) = t(@/02*) 
and hence 


(4. 2) A(X) = t(X) for Xe X. 

For each Y eX we introduce a mapping Ay of & into itself by 
(4.3) Ay X= t(X)Y, A Ek. 
It is easy to see that the value Ay -X at a point p depends, for each X, only 
on the value of Y at p. (3.4) may be written as 
(4. 4) R(X, Y) = [Ax, Ay] — Arry. 


This shows that the linear mapping A — Ay of the Lie algebra X into the 
Lie algebra of endomorphisms of the linear space X is not in general a homo- 
morphism of Lie algebras and the ‘ defect’ is given by the curvature tensor 
field. 

Without difficulty, we can find the expression for AR as follows: 


(45) AR(X,¥;Z)-W—=Az- (R(X, ¥)-W) —R(X, Y)- (47 W) 
—R(Az X,Y) -W—R(X, Az VY) W. 


We write this expression also as ((Az-R)(X,F)):W. This corresponds to 
the classical formula: 


n 
Rs = 0Riyr/02 + X Tp BP yx 
p=1 
n | n n i 
— > T? site Pra > T? SR pe En >» T? ht typ. 
pel pai p=i 


5. Parallelism. By a regular curve in M we shall mean a continuous 
mapping æ(s) of the unit interval [0,1] into M which can be extended to a 
differentiable mapping of an open interval (—e,1-+«) for some e > 0 and 
whose image is a (1-dimensional) submanifold of M in the sense of [7]. 
By a curve we shall mean a continuots mapping of the unit interval into M 
which is composed of a finite number of regular curves. The, parallelism is 
first defined along regular curves lying in a coordinate neighborhood and then, 


e 
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by obvious extension, along any curves in M. Let æ(s) be a regular curve 
lying in a coordinate neighborhood U, and let X, be the family of tangent 
vectors to the curve. A given family Y, of tangent vectors at the points æ(s) 
is said to be parallel along x(s) if 


(5. 1) t(Y)(X) =0 on 2(s), 


where -Y and Y are infinitesimal transformations defined in U which coincide 
with Y, and FY, respectively on æ(s). Such extensions XY and Y always exist 
and the condition (5.1) does not depend on the choice of extensions. It is 
easy to show that this notion of parallelism coincides with the classical one. 

A path is defined to be a regular curve such that the family of tangent 
vectors X, to the curve is parallel along the curve itself. For any point p 
of M and for any given tangent vector X, at p, there exists a path g(s), 
defined for —e<s<e for some e > 0, such that æ(0) —p and such 
that the tangent vector at p to æ(s) is equal to the given Xp, that is, 
lim (1/s) (f(@(s)) —f(p)) = Æ,f for any function f. Such a parameter s 
8—0 


is uniquely determined and is called the canonical parameter of the path g(s). 
M is called complete if every path can be extended for any large value of its 
canonical parameter. | 


6. Holonomy groups. We shall not go into the concept of development 
of frames along a curve, which enables us to define the holonomy group 
associated to the given affine connection. When we choose an arbitrary point 
p, the holonomy group is realized as the group of affine transformations of 
the affine tangent space at p, that is, the tangent space 7’(p) provided with 
a natural affine structure. However, the homogeneous part of the holonomy 
group can be defined only with the help of parallelism. In the present paper 
we shall agree that the word holonomy group means the homogeneous part 
of the whole holonomy group. ‘Thus the holonomy group H* is the linear 
group in the tangent space consisting of the parallel displacements corre- 
sponding to all closed curves. The subgroup H*, of H* which corresponds 
to all closed curves ha to 0 will be called the restricted holonomy 
group of M. M ; 

ÉH is n-dimensional, the ‘holonomy group H* and the uote 
holonomy group H*, are subgroups of GL(n; R). It has been proved 
recently by several authors that H*, is the identity component of H* and 
that H”, is a connected Lie group, We shall state a theorem of Chevalley 
which shows how the Lie algebra of the restricted hononomy group is deter- 
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mined by the curvature tensor field and all its successive covariant differentials. 

For each point p of M, let h*(p) be the Lie algebra of endomorphisms 

of the tangent space at p which is generated by all endomorphisms of the forms 

(R(X, Y))p (42° R) (X, F))p (Aw An B)(X,¥))p,* ++, where X, Y, 

Z, W,--+ denote arbitrary infinitesimal transformations. Let r(p) == dim h*(p) 

and r(M) = mar r(p). If r(p)=r(M), pis called a regular point. Then, 
pe 


if the set of regular points of M is connected, the restricted holonomy group 
has'the Lie algebra which is isomorphic with h*(p) for any regular point p 
(Chevalley).* | a 

If M admits a transitive group of affine transformations, then all ġ* (p), 
pe M, are isomorphic with each other-so that M consists of regular points. 
Therefore, the restricted holonomy group has the Lie algebra isomorphic with 
h*(p) for any point pe M. We shall use this result in Chapter IT. 


Chapter II. Invariant Affine Connections on Homogeneous Spaces. 


7. Reductive homogeneous spaces. A homogeneous space G/H of a 
connected Lie group G is called reductive if the following condition is satisfied : 
in the Lie algebra g of G there exists a subspace m such that g =m -+ fh 
(direct sum of vector subspaces) and ad(h)m C m for all he H, where } 
is the subalgebra of g corresponding to the identity component H, of H and 
ad(h) denotes the adjoint representation of H in g. G/H is reductive in 
either of the following cases: 


(a) H is compact; 

(b) H is connected and the subalgebra D is reductive in g, that is. 
ad(}) in g is completely reducible. This is the case if H is connected and 
semi-simple. 

(c) H is a discrete subgroup of G; h = 0.and m = g. 


From now on, we shall always assume a homogeneous space to be 
reductive and shall consider a fixed decomposition g =m + of the Lie 
algebra satisfying the above condition. 

G/H is considered to be the space of cosets sH, xe G,'on which G acts 
to the left, that is, ae G maps the point zH into the point aH. We denote 
by pə the point represented by the coset H. Then the subspace m can be 
identified with the tangent space at po. Let Xi, Xo - +, Xn be a base of g 
such that the first m elements span m and the last n— m elements span . 


8 This result is unpublished. 
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As is well known,‘ there exists a neighborhood V of the identity element 


e of G with a canonical system of coordinates x’, &°,: - -, æ” such that V is 
the topological product of the sets 

N= {ze V | pml — gmt? _. . “gh — 0} 
and 

=e) | eae ass ee 0} 


where K is contained in Hy. If we denote by a the canonical projection of 
G onto G/H, v is a differentiable homeomorphism of N onto a neighborhood 
N* of po in G/H. We have r(c) =7(c)* po for ce N, where r(c) denotes 
the transformation of G/H which is induced by c. N= is the set of points 
of the form r(c) : po, ce N. . 

For each element Y of m, we define an infinitesimal transformation X* 
in V* as follows: 
(7.1) (AY) rep = (rc) ) 27 À (ce N), 


where X in the right hand side denotes the tangent vector at pọ which is 
identified with the given Xem.. (X*)p 1s nothing but this element XY of 
the tangent space at po. Since r(c) is a differentiable homeomorphism of 
G/H onto itself and since N and N* are differentiably homeomorphic by 7, 
we see that Y* so defined is an infinitesimal transformation in N*. Since 
X1,X2,° © °, Xm is a base of m, the corresponding X,*, X.",- © +, Xm” are 
linearly independent at every point of NV“, that is, they form a base of the 
module of infinitesimal transformations on N*. 

Let À be any element of H. Since (h) po = po, r(h) induces a linear 
transformation (r(k))”,, of the tangent space at po onto itself, which is the 
same as ad(h) on m. We shall show how each infinitesimal transformation 
X* (Xem) is transformed by (h). Take a subset N, of N such that 
hN,h* C N (the existence of such W, follows from the condition ad(h)m C m) 
and let N,*= {r(c):polceN.;}. Then we have r(k) -N,* C N* and 


(7.2) (r(h))'- X* = (ad(h)X)* on r(h):N.*. 
‘In fact, we have for any ce N, 
CCC) ) AT) rem rc re = (r(A) Y (X*) ro = (he) y: X 
= (r(heh))’- (r(h) Y X = (r(hch1))" - (ad(h)) -X 
= (ad (h) X)” 5 (4) 7(0)-09 
since hehe N and r(hch™) : po ==7(h) + r(C) : po. 
For later.use, we shall prove 





4 For example, see Chapter IV, § V of [7]. 
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(7.8) For any X and Y in m, [X*, Y*],,—= [X, Y ]m where [X,Y], 
denotes the m-component of the element [X, Yleg—m +b. 


In fact, let z(t) and y(s) be the 1-parameter subgroup of G generated by 
X and Y respectively. For any function f in N*, we have 


(L*f) once = lim (1/8) {Q ° x) (et) y(s)) — (or) (@(*))}, 
where z*(¢) denotes the image of s(t) by a, and 
A al ET) B TUE) CE) DU 


From this expression and a similar one for Y*,(X*f), we see that 
[X*, ¥*] f = [X, ¥]e(f ov) = [X,Y |m, which proves (7. 3). 


8. Fundamental existence theorem. Keeping the notation of the pre- 
ceding section, we shall now prove the fundamental existence theorem for 
invariant affine connections on G/H. An invariant affine connection means 
an affine connection on G/H which is invariant by all z(a), ae G. 


THEOREM 8.1. Let G/H be a reductive homogeneous space with a fixed 
decomposition of the Lie algebra g =m + h, ad(H)m Cm. There exists a 
one-to-one correspondence between the set of all invariant affine connections on 
G/H and the set of all bilinear functions a on m X m with values in m which 
are invariant by ad(H), that is, ad(h) - a(X, Y) = a(ad(h)X, ad(h)Y) for 
X,Y em and heH. The correspondence ts given by 


(8. 1) GX, Y) = (EC 2") (AT) ) vo 


For the sake of simplicity, we shall call such a bilinear function «æ on 
m xX m a connection function on m X m (or, more precisely, a connection 
function with respect to the decomposition g = m + b). 


Proof. Assume first that there exists an invariant affine connection £ on 
G/H. We define a bilinear function a(X, FY) on m X m with values in m 
by (8.1). Leth be any fixed element of H, and take a subset N, of N such 
that (7.2) holds. Since the affine connection is invariant by G, the induced 
affine connection in N, is invariant by r(/), that is, we have by (2.3) 


(rh) o> CECE) (X=) =t A) EE) (Cr (R))T XF) 


on T(h):N,*. Taking the values of both sides at py and using (7.2), 
we obtain 


(CR) > (ECL) (A) Jag = (TR) a (X, Y) = ad (h) : a(X, Y) 
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and 
(ECCA) FE) A) &*) 70 = (tè (ad (h) Y)*) (ad (A) X)*) ) ng 
= a(ad(h)X,ad(h)Y), 
which prove the invariance of «(X,Y ) by ad(h). 

Conversely, we shall prove that any connection function « on m X m 
gives rise to an invariant affine connection which is related to the original « by 
(8.1). For a base X,, X2,---, Xm of m, the corresponding Y,*, X2*,---,Xm* 
form a base of the module of infinitesimal transformations in N*. As we have 
remarked in Section 2, there exists an affine connection ¢* in N* such that 

(E* (X) (X) ) rip = (Lis X4) ) rcp (ce N). 
Since « is invariant by ad(H), it follows from (7.2) that 
(8.2) (PA) > (E(X) (Ae) }ro = AV XG") Cr) AS) ) 20 
for any he H. More generally, we have 

(8.3) For any infinitesimal transformations Xi and Yt in N*, 

(rà) Y- (E (Xi) (XT) yng = (t (A) Y FT) (Cr) 7 AT) ) pee 


This can be proved easily by using (1.2), (2.1), (2.2) and (8.2). Now 
we define an affine connection ¢ in G/H as follows. 
For any infinitesimal transformation XT and Y? on G/H, we define 


(¢(YT) (XT) )p = (r(a))"* CCG (07) YE) (ala) £1) Jp, 


at any point p = r (a) po (ae G) of G/H. (8.3) implies that this tangent 
vector at # is independent of the choice of an element ae G such that 
p—rT(a)"po. It is easy to show that p — (t(Yt)(Xt))p is an infinitesimal 
transforamtion on G/H and that Yî —>t(Yt) defines an affine connection on 
G/H. For example, we have for any differentiable function f on G/H 
(setting p==7(a@)- Po and ¢ = 7(a")) 
GPA) )n = (G7) CCS" YING" FAT) Yao 

= (f°) CG FY)" AI) FT) ro 

= (f°) C PCE FINE Xi) 

= (PEY (G:F) XI) = GYIN E» 
that is, (Yt) (fXT) = ft(¥t) (Xt). The other conditions of affine connec- 
tion can be proved similarly. Finally, the invariance of this affine connection 
t is clear from the definition. Since 

+ (2(Y*) CA) Jing = (EF (PF) (A) ) pp = a (KX, F), 


t is related to the given a by (8.1). 
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It is also clear that an invariant affine connection on G/H is uniquely 
determined by the corresponding connection HÇHOn a. , We havé thereby 
completed the proof. | 


9. Torsion and curvature of invariant affine connections. Let t be the 
invariant affine connection on G/H: which is determined by a connection 
function « on mX m. We shall find the expressions of the torsion and 
curvature tensor fields of ¢ in terms of « We remark that these tensor 
fields are invariant by G and hence are determined by their values at po. 
The covariant differentiation commutes with r(a), ae G, that is, r(a)-A-F 
—A-7(a):F for every ae G and for every tensor field F. 

The torsion tensor field T is easily determined. Let X* and F* be the 
infinitesimal transformations which correspond to X and Y in m respectively. 
We have from (3. 2) that T(X*, Y*) == 4(Y*)(X*) — ECTS) — [X*, Y*]. 
It value at po is then equal to «(X,¥) —a(Y,X) —[X, Y],, in virtue of 
(7.8) and (8.1). We shall denote this expression by 
(9.1) TA Y) a4, 7) —a(y, 4) — (24, 7], (X,Y em). 


It is a bilinear function on m X m with values in m. 
As for the curvature tensor field R, we have by (38. 4) 


(9.2) R(X*, Y*)- Z* | 
= #(4(2*) (F*))X* — (EZ) (X4) DFA (29) - LES, 7] 


In order to calculate this, let X1, %,,: © +, Xm be a base of m. We set for 
any p==7(¢)- po (ce N) 


m 
((7(c*)’ " Xi) = À bai (Ps q)Xy*, q e N*, t = LR 25M, 


where ¢,; are differentiable functions in p and q which satisfy the following 
condition : 


(9. 3) Pui(P> Po) = pui (Pos 7) = 0 for any p, q in N*. 
Then we have 


CCR) (Le) Je (C0) > (ECC) X) (ro) Ye Zn) Vo 
= (D) (HÈ aT) (È baa") 


= (7(6))" {È nlp, po)dux(p, Po) (Zu X») 
+È dup po) (Zadni (P, po)) Xs) 


= (a (Xn Zi)" + È (Z$) (P po) Zo") 
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where (X;,"¢,1) (P, Po) is the function of p which is the result of applying 
X,“ to the second variable of (2, q) at q = po. We have, by a similar 
computation as above 


CEN A) Xi") oo = (a(n 27) + È (Leb) (P, po) X) Jy 
= (Xp a(n Xr) + È (Anton) (Po Po) (Xp Xe) 
+$ (A) (Xi n) (Ps Bo) Xs 
=a (Xp (Zo Xr) +E (Xs")on(Xe%nn) (P, Po) “Xv 


since (X;,*dy1)(, Po) = 0 by (9. 3). In the last expression (X;*),,(Xx*¢y1)(p, Do) 
denotes the result of applying X;* at p = po to the function (7 #ph)(p, po). 
Hence we get 


(9.4) {E(X} (A) AR) — (CAE) (AS) ) Xr") Jo 
—a(X;, (Xr X1) ) — a(r a(X;, X1)) 


+ È {(Xi*)yo( Xe") (Ps Po) — (Xe) (Lin) (P, Bo) }X 


We shall show that the last term is equal to — [[X;,X:],, X72], where 
[X;,Xx]_ denotes the h-component of the element [X, X;,]eg. Let 
p = z(c) ' Po and g—r(c’): po with c'e N. Then 
CC LÉ) e = (4 (67) 0+ (XF )rie go 

= (r(o*))%> (Y i= (e) y (hy AX 

= (r(c7))7: (ad (h*) X1), 
where c” e N and he K are uniquely determined elements such that cc’ = c”’h 
in the decomposition of V into the product of N and K explained in Section 7%. 


Therefore we see that (ad (h) X1)"¢—= X dn (p, q) (Xy*)q. It is not difficult 
y=1 
to derive from this that 


(9.5) SS {(Xp") (Zieh) (Ps Po) — (A) (bn) (P, Po) Es 
=e [[X3, Xrlý Xıl. 


Finally the term (¢(X,*)- [X;*,X;,"]),, is easily seen to be equal to 
a([Xy, Xr]m X). Using this and (9.4), (9.5) and (9.2), we obtain the 
following expression for the value at p, of the curvature tensor field | 
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(9.6) R(X, Y): Z—a(X,a(Y,Z)) —«(¥, «(X, Z)) 
| — G([X, Flu 2) — (LX, Yis 41, X,Y,Zem. 


The covariant differential AR of the curvature tensor field is obtained 
as follows. Let X,Y,2,Wem. By (4.5) we have | 


(AR) (X*, ¥*;Z*) - W* = Aze (R(X*, P*) - W*) — R(X*, Y*) (Aze > W*) 
— R(Age X*, Y*) WE — R(X*, Age Y*) WA 


We shall find the value at pẹ Since R is an invariant tensor field, we have 
(R(X*, FE) WE con = (7(0))’: (R(X*, Y*)- W*),,. If we denote by 
Az the mapping Xem—Az:-X—a(Z,X) of m into itself, we find — 
(Age B(X*, Y*) - W*),, = Az’ (R(X, Y): W). Using the property of À 
that R(fX*, g¥*) -hZ* = fgh R(X*, Y*) -Z* for any functions f, g, and À, 
we easily find (R(X*, Y*) - (Age: W*))y, == R(X, Y): (Az: W) and similar 
expressions for the other terms. Therefore we obtain the following expression 
of the value at po of the covariant differential AR: 


(9.7) (AR)(X,¥3;Z)-W—=Az- (R(X, ¥)-W) —R(X, VY) (Az: W) 
3 —R(Az X, Y) - W —R(Z, As Y) - W. 


10. Canonical affine connections. We shall consider the following 
properties of invariant affine connection on G/H. 


(A1) Let x(s) be the 1-parameter subgroup of G generated by an 
element XY em, and let æ*{s) be the image of æ(s) by the projection + of G 
onto G/H. Then x*(s) is a path. 


(A2) Let (s) and g” (s) be defined as above. Let Y be an element 
of m. Then the parallel displacement of the tangent vector Y at », along 
the curve z*(s) is the same as the translation of Y by the 1-parameter sub- 


group 2(s). 


If (A1) is satisfied, every path through pọ is the image by m of the 
1-parameter subgroup generated by a certain element of m. The affine 
connection being invariant, any path in G/H is either such a path or its 
translation by an element of G. Therefore, if an invariant affine connection 
satisfies (A1), then the affine connection is complete in the sense of Section 5. 

Since the tangent vectors to the curve z*(s) are equal to (X*).«(e) 
= (r(x(s))’-X, we see that (A2) implies (A1). We shall now find the 
condition for a connection function æ on m X m to define an invariant affine 
connection which satisfies (A1) and (A?) respectively. First we prove 


4.8 KATSUMI NOMIZU. 


(10.1) Let x(s) and z*(s) be as in the assumption of (A1). Then 
(CT) (X*)) = (a(X, Y))* on z*(s) for every value of s such that x(s) e N. 


We may assume that X and Y belong to a base X, Xat + -,Xm of m, 
say X —X, and Y= X.. Let s, be any fixed value such that g(s) eN. 


We set (r (£ (—s1)) yY A = $ buiX,* in a small neighborhood of po. Since 
nad 
æ(s) is a 1-parameter subgroup, we have for sufficiently.small s 


( (7 (@(— 81) ))7* Los = (r(@(— s1) ) (LÉ) av (oven 
= (7(%(— 81))) (a(s + 81)))" Xi (4(4(8)))! Li (A) orto, 


which implies (A) ze (8) = 2 Pui (a (s) ) CX" asters that is Dui(T* (s) ) DS Oni 
= 
for sufficiently small s. In particular, we have uno) = Bu Since 
(X1*f)p, = lim (1/s) (f(x*(s)) —f(po)), for any function f in N*, we have 
g0 
(X1"bui)p, == 0. Hence we get 


(ZE) (AE) Jario = (r(2(8)) "+ HS dai”) ( È bes") Jo 


= (7(2(s)))7> CZ Sued (t* (Xa) (A 5%) ) po) 


£ts vol 


gi 


+ (NY (È dn (po) (Zone) Xa) 
De (T(x (s) ) a ` a (Xi Xa) = (a(Xi, Xo) À ets) 


which is the desired result. 


From (10.1) and from our formulation of the parallel displacement 
(5.1) we see that 


(10.2) The invariant affine connection defined by a satisfies (A1) 
uf and only if a(X,X) — 0 for every Xem. 


(10.3) The invariant affine connection defined by a satisfies (A2) if 
and only f a (X,Y) —0 on mX m. 


From (9.1) and (10.2) we have 


THEOREM 10.1. On a reductive homogeneous space G/H, there exists 
one and only one invariant affine connection which has a trivial torsion 
tensor and which satisfies (A1). It is defined by the connection function 
a( X,Y) = (1/2)[X, ¥],, on mX m. 


We shall call this invariant affine connection the canonical affine con- 
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nection of the first kind on G/H with respect to a fixed decomposition of the 
Lie algebra g =m + b. 
We have from (10. 3) 


THEOREM 10.2. On a reductive homogeneous space G/H, there exists 
one and only one invariant affine connection which satisfies (AR). It is 
defined by the connection function which is identically zero on m X m. 


We shall call this invariant affine connection the canonical affine con- 
nection of the second kind on G/H with respect to a fixed decomposition of 
the Lie algebra g =m + b. 


THEOREM 10.3. The canomical affine connection of the second kind on a 
reductive homogeneous space G/H has the following torsion and curvature 
tensors : 


T(X, Y) =— [X, Y] w R(X, Y) -Z= — [[X, Flp 21. 
The covariant differentials of T and R are both zero. 


_ This follows from those expression for T, R and AR which have been 
given in Section 9. ATF == 0 is also easy to prove. 


11. Affine connections on a group space. We shall clarify E. Cartan’s 
study of affine connections on the space of a connected Lie group.’ Let G 
be a connected Lie group with Lie algebra g. The three affine connections 
which were studied by Cartan are the following. 


a) (—)-connection: A left invariant affine connection on G which ` 
satisfies the condition (A2); it is defined by the connection function æ == 0 
on gXg T(X, Y) =— [X,Y] and R= 0. 


b) ()-connection: A right invariant affine connection which satisfies 
the condition (A2) in the sense of right translations, that is, the parallel 
displacement along a 1l-parameter subgroup xs) is the same as the right 
translation by æ{s). If we consider g as the Lie algebra of left invariant 
infinitesimal transformations on G@ (as we do for the case a)), then 
this connection is defined by the connection function «#(X, Y) = [X,Y] and 
T(X, Y) == [X,Y], R—0. 


€) (0)-connection: A left invariant affine connection which satisfies 
the condition (Al) and which has a trivial torsion tensor; it is given by 
a(X, Y) = (1/2)[X,¥]. R(Z, Y) =— (1/4)ad(LX, YJ). 

5 See [2] and Chapter V of [8]. 
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All these connections have 1-parameter subgroups as paths. They are 
all bi-invariant, that is, invariant by right as well as left translations of G, 
since their connection functions are invariant by ad(G) in g. 


12. Holonomy groups. Let G/H be a reductive homogeneous space 
with a fixed decomposition of the Lie algebra g==m-+-h. We first prove 


(12.1) Let Ņ, be the subspace of h spanned by all elements of the 
form [X,Y]r, À, Yem. Then ý, is an ideal of b. 


In fact, for any X, Y em and U ef} we have 


LU, [X, F7] = [U, [#, ar F [U, [X, Y py], 
where [U,[X,Y],] em and [U,[X,¥]y]leh. On the other hand, the 
Jacobian identity shows that 
GEL [X, [U, FJ)» T Be [U, Y Jia F LLU, Al Y]y Ba LLU, x], Yi 
Hence [U, [X, ¥]y] = [X, [U, ¥]]5 + [[U, X], ¥]ye b:, which proves that 
Dı is an ideal of §. . 


We have from a special case of the theorem of Chevalley stated in 
Section 6 and from Theorem 10. 3. 


THEOREM 12.1. Let G/H be a reductive homogeneous space. The Lie 
algebra of the restricted holonomy group of the canonical affine. connection 
of the second kind is isomorphic with ad(}.) acting on m, where Ñ, is the 


«+ ideal of spanned by all elements [X, Y] X,Y em. The restricted holonomy 


group is isomorphic with ad(H,) acting on m, where H, is the invariant Lie 
subgroup of H, generated by the ideal J. 


This is a generalization of a well known theorem concerning riemannian 
symmetric spaces.® 
It is easy to prove 


THEOREM 12.2. Let D be a discrete subgroup of a connected Lie 
group G. The holonomy group of the canonical affine connection of the 
second kind on G/D is isomorphic with ad(D) acting on the Ine algebra g. 


13. Metric connection. It is well known that, given a symmetric non- 
degenerate tensor field of type (0,2), that is, the so-called (positive-definite 


€ See [1], [5] and [10]. 
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or indefinite) metric ds*, there exists a unique affine connection without 
torsion whose parallelism leaves the given ds* invariant. 

Let G/H be a reductive homogeneous space with a fixed decomposition 
of the Lie algebra g—m+%. Let B be a real-valued non-degenerate 
symmetric bilinear function on m X m which is invariant by ad(H), that is, 
B(ad(h)X,ad(h)Y) = B(X, Y) for X, Y em and he H. B determines an 
invariant (indefinite) metric B* on G/H. We shall find the connection 
function « which defines the invariant affine connection arising from the 
metric. 

Let X, Y and Z be in m. Let 2(s) be the I-parameter subgroup 
generated by Z and 2*(s) the image of z(s) by m. Denote by Xt and Yt 
the results of the parallel displacement of the tangent vectors X and Y, 
respectively, along the curve z*(s). Taking a base Xi, X2,--+,Xm of m, 


we write Xi == © Ai" and Yi = S YX” where +, and y; are differentiable 
=i q=1 


functions such that X = Ÿ di(fo) Xi and Y = S Yi(Po) Xs Since the parallel 
` q=1 i=1 


displacement leaves B* invariant, we have 


B*(XT, Yt) =È pyib (A, X) = BCX, Y) = 2 $i Po) Hi Po) Bs, Xj). 
a= 3j= 
B* being invariant by the transformations of G, we have B*(X;*, X;*) 


== BCX, X;) and hence > bapsB( Xi, X) = 2 #(po)#(p0)B (Zi, X;). We apply 
j= 37 
(Z*),, to both sides and get 


=i (Zi) ni (Do) + i (Do) (Z"Y) no} B (Ai, Xi) = 0. 
Since (Z2*¢;),,41==—-a(Z, X) as is easily seen, we get 
B(a(Z,X), Y) + B(X,a(Z,¥)) =0. 


We introduce U(X, Y) = a(X, Y) — (1/2)[X, Y],,. Since the affine con- 
nection has a trivial torsion tensor, we have a(X, Y) —a(Y,X) = [X,Y],, 
and hence U(X, Y) =U(Y,X). Thus we get 


(1/2){BULX, Zlw Y) + BUY, Zn, X)} = BUG, X), Y) + BX, UZ, ¥)). 


From this and the other two equalities obtained by the cyclic permutation 
of X, FY and Z, we finally obtain 


(18.1)  B(U(Z, Y), Z) = (1/2){B([X, Zl, Y) + BX, LY, Z]q)}- 
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This equality determines U(X, Y) uniquely for given XY and Y since B is 
non-degenerate. 


THEOREM 13.1. Let G/H be a reductive homogeneous space with a 
fixed decomposition of the Ine algebra g==m-+ h. Let BY be an invariant 
(indefinite) metric on G/H and B the bilinear function on m X m corre- 
sponding to B*. Then the connection function of the affine connection 
induced by the metric B* is 


a(X, Y) = (1/2) (Z, Fy + U(X, F), 
where U(X, Y) is determined by (13.1). 


In order for B to induce the canonical affine connection of the first 
kind, it is necessary and sufficient that U(X, Y) is identically zero, that is, 


(13. 2) B(LX, Zw Y) + BE, [F, Z]m) = 0, X,¥,Zem. 
In particular, we have 


THeoremM 13.2. Let @ be a compact connected Ine group and H a 
closed subgroup. Let B be a positive definite quadratic form on the Lie 
algebra g which is invariant by ad(G@). Let m be the orthogonal subspace 
to the subalgebra 4 of H. Then the riemannian metric on G/H determined 
by the restriction of B to m X m induces the canonical affine connection of 
the first kind on G/H. 


Proof. B is invariant by ad(G@) and hence its restriction to m X m 
satisfies (13. 2). : 


Chapter III. Symmetric Affine Spaces, 


14. Symmetric homogeneous spaces.’ Let G be a connected Lie group 
and o an involutive automorphism of G, that is, o? == the identity automor- 
phism. The totality of fixed points He of o is a closed subgroup of G. A 
homogeneous space G/H is called a symmetric homogeneous space (with 
respect to o) if H lies between Ho and the identity component of Ho. In 
certain cases it will be necessary to assume that G is effective on G/H as a 
transformation group. 

Let G/H be a symmetric homogeneous space defined by e. The sym- 


t See [3]. In this Chapter, I have borrowed some of the ideas presented by Dr. 
Koszul at the seminar mentioned in the Introduction. 
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metry at the point po is an involutive differentiable homeomorphism of G/H 
onto itself which is defined by 


(14. 1) oo” (p) =T (a°) M for p==7(@) po, ae G, 


the right hand side being independent of the choice of aeG such that 
p==t1(a)-po. A transvection is an element of G such that a — a, We 
define a mapping p of G/H into the set of transvections by p(p) = aa, the 
right hand side again being independent of the choice of ae & such that 
p—7r(a) "po If pis the image of a transvection ae G by x, then p(p) = a’. 
The symmetry at any point p is defined as the mapping r(p(p)) : oo of G/H 
onto itself. 

A symmetric homogeneous space G/H is always reductive, and we take 
the following canonical decomposition of the Lie algebra. Let m be the 
eigen-space for the eigen-value — 1 of the involutive automorphism, denoted 
by the same o, of the Lie algebra g which is induced by the automorphism o 
of G. Then g == m + b, where § is the subalgebra of the identity component 
H, of H. We have X° == — X for X e m, U° = U for U ch and ad(A)m C m. 
The 1-parameter subgroup generated by any À em consists of transvections: 
(æ(s))° = (z(s))= = s(— s). If we take a neighborhood V of e with 
canonical coordinates gt, 2,- + >, a”, g,- - -, a" with respect to g =m + § 
as we did in Section 7, then any point with coordinates such that. 
git == gmt? + + +g = 0 ig a transvection. For a point p with coordinates 
(z1, e, +, g”) near po in G/H, the point op has coordinates 
(— t, — r? :,— x"). We see that po is an isolated fixed point of co. 

From now on we shall always use the canonical decomposition g = m + p 
for a symmetric homogeneous space. We have 


(14.2) [X,¥] eh for any X,Y em. 


Keeping the notation in Section 7 and using the fact that o, commutes with 
r(a) for every ae G, we can easily prove 


(148) (oo) X* = — X* for any Xem. 


15. Canonical affine connection on a symmetric homogeneous space. 
By the results of Chapter IT we can clarify the existence and properties of a 
natural affine connection on any symmetric space. From Theorem 10. 1, 
Theorem 10.2 and (14.2) we have immediately 


THEoreM 15.1. The canoncal affine connection of the second kind of 
a symmetric homogeneous space G/H has a trivial torsion tensor. In other 
words, the canonical affine connections of the first and second kind coincide. 
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We shall call this invariant affine connection the canonical affine con- 
nection of a symmetric homogeneous space. 
Conversely, we have | 


THEOREM 15.2. Let G/H be a reductive homogeneous space. If the 
canonical affine connections of the first and second kind (with respect to a 
fived decomposition g—m + h) coincide, then [m,m] CH. If moreover 
G/H is simply connected, it can be considered as a symmetric homogeneous 
_ space Gt/Hi where Gi is the simply connected covering group of G and Ht 
is the subgroup of Gi generated by b. 


Proof. The first assertion is already clear. The linear endomorphism o 
of g defined by X" = — X for X e m and U° = ŲỌ for U ey is an involutive 
automorphism of the Lie algebra g. Let of be the involutive automorphism 
of GT induced by o. It is clear that Ht is contained in the set of fixed points 
of o so that Gt/Ht is a symmetric space defined by of. Since G/H is simply 
connected, G/H = G1/Ht. 


Tueorem 15.3. Let G/H be a symmetric homogeneous space. The 
canonical affine connection is the only invariant affine connection on G/H 
which is invariant by the symmetry at each point. 


Proof. Let « be a connection function on m X m. We shall prove that 
the invariant affine connection ¢ defined by « is invariant by the symmetry 
at each point if and only if @ is identically zero. 


Suppose first that ¢ is invariant by sọ Then we have 
(00) > (E(E=) (X=) = t( (00) ¥*) ( (00) X*) 


for any X,Y em. Using (14.3) we see- that a(X, Y) = 0. 

Conversely, we prove that the canonical affine connection is invariant 
by the symmetry at each point. It is sufficient to prove the invariance by co. 
Let {’ be the affine connection defined by 


t (XT) (YT) = (0): (((oo)’ Xt) (ey: ¥T)) 


for any infinitesimal transformations Xt and Yt on G/H. Since g commutes 
with every r(a),aeG, we see that # is an invariant affine connection. We 
have (t (X*) (¥*)),,==0 in virtue of (14.3). Since an invariant affine 
connection is uniquely determined by the corresponding connection function, 


we see that ¢ and ¥ coincide, that is, ¢ is invariant by ao. 


THEOREM 15.4. Let G/H be a symmetric homogeneous space with its 
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canonical afine connection. The covariant diferential of any invariant tensor 
field on G/H is zero. In particular, every invariant diferential form is closed. 


Proof. Let F be an invariant tensor field of type (1,7). Since the 
covariant differentiation commutes with r(a), ae G, AF is also an invariant 
tensor field of type (4,7-+1). A also commutes with op. Therefore we 
have at po 

(— 1)#AF = 09 A F = A oo F = (— 1) AF 


and hence AF == 0. The second assertion follows from the fact that the 
exterior derivative do of a differential form w is the alternation of the covariant 
differential Aw of w in the case where the affine connection has a trivial torsion 
tensor. 


THEOREM 15.5. If G/H is a symmetric homogeneous space with semi- 
simple G, the canonical affine connection is induced by an invariant (indefinite) 
metric on G/H. 


Proof. Let (X,Y) = Trace of ad(X)ad(Y}) be the fundamental 
bilinear form of g. Since it is invariant by every automorphism of g, 
we have in particular $(X,U) = 4(X*,U*’) =¢(—X,U) and hence 
(X, U) — 0 for any Xem and Veh. Let B(X, Y) be the restriction of 
ġ(X, Y) tom xm. It is clearly invariant by ad(H). It is non-degenerate; 
in fact, if B(X, Y) = 0 for all Y em, then (4, Y) for all Y eg and hence 
X = 0 since ¢ is non-degenerate. B(X,Y) satisfies (18.2). The remark 
which follows Theorem 13.1 shows that the canonical affine connection is a 
metric connection. 


Tagorem 15.6. Let G/H be a symmetric homogeneous space. An 
invariant (indefinite) metric on G/H, if there exists any, induces the 
canonical affine connection. 


Proof. Let B* be an invariant metric on G/H. Since it is an invariant 
tensor field of type (0,2), we easily see that it is invariant by oo. Therefore 
the induced affine connection is Invariant by o, and coincides with the 
canonical affine connection in virtue of Theorem 15. 3. 


In particular, if H is compact, G/H admits an invariant positive-definite 
metric and any such metric induces the canonical affine connection. This is 
what is called a riemanman symmetric homogeneous space. 


16, Irreducible symmetric homogeneous spaces. Let G/H be a sym- 
metric homogeneous space with the canonical decomposition of the Lie algebra 
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qg=—m-+h. If ad(b) in m is irreducible, G/H is called irreducible. In this 
section, we assume that G is effective on G/H as a transformation group. 
Tt follows then that § does not contain any non-trivial ideal of g. This last 
condition is equivalent to the condition that the representation § — ad (bÑ) 
in m is faithful. 

We shall first prove 


(16.1) If G/H is irreducible, then either g is semi-simple or [m, m] = 0. 


In order to prove this, let 6(X, Y) be the fundamental bilinear form of g. 
We have ¢(X,U) —0 for any Xem and Ue as we have seen before. 
Let r = {X eg | (X, Ÿ) —0 for all Yeg}. r is an ideal of g which is 
contained in the radical of g. r N m is a subspace of m which is invariant 
by ad(h). m being irreducible by assumption, we have either r O m = (0) 
or rt NO m= M. Í 


Let r N m = (0). We shall prove that œ is non-degenerate, that is, g is 
semi-simple. Let X = Y + U, where Yem and Ueh, be in r. For any 
Zem, we have (X, Z) —#(Y,2) + p(U,Z) and hence (Y, Z) = 0, 
Therefore Y er N m and Y =0. We have X =Ueķ}Nr. For any Zem, 
we have [U, Z] em N r= (0) which means that [U, m] = 0. ad($) in m 
being a faithful representation of h, we must have U — 0. We have thereby 
proved that X = 0 and that $ is non-degenerate. 

Next we consider the case where r N m == m, that is, m C r. We remark 
that [b,r] is contained in the nilpotent radical n of g since any derivation 
of g maps the radical of g, and a fortiori r, into n. m being irreducible, 
we have [}, m] = m and hence m C [§,r] Cn. Since n is nilpotent, there 
exists a positive integer k such that n™ = [n,n@] == (0) and hence 
m® — (0). If k is even, then m®-» is a subspace of m which is invariant 
by ad(b) which means that either m®-) == m or m# == (0). In the first 
case we have [m, m] = [m, m] = m® — (0). In the second case, we 
have m@-D == [m, m®-2] where m-?) is a subspace of § since & — 2 is even. 
ad(h) being faithful, we must have m®*) == (0). This argument shows that 
[m, m] == (0). 

Next we prove 


(16.2) If gis semi-simple, then [m, m] =}. 


Let §, = [m, m]. It is straightforward to see that }, 4 (0) is an ideal of § 
and that m-+ Ñ, is an ideal of g. g being semi-simple, there exists a supple- 
mentary ideal £ such that g is the direct sum of m+}, and ¥. It is sufficient 
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to prove that f is contained in }; then £ must be zero since } does not contain 
any non-trivial ideal of g. Let X =Y +- U where Yem, Uc}, be any 
element of f. We shall prove that Y=0. For any Zem, we have 
[Z,X] = [Z, Y] + [Z, U] =0, where [Z,Y]e}, and [2,U]em. Hence 
[Z,Y]—[Z,U]—0. This shows that [Y,m]=0. Next, we have for any 
Veb, [V; X] = [V, Y] + [V, U] =0 and hence [V, Y] = 0, which shows 
that [Y,§,]—0. Finally [Y,f]—0 is obvious since Yem. Thus 
[Y,q] = 0 and Y = 0 since g is semi-simple. We have completed the proof 
of (16.2). 

If [m, m] — (0), the canonical affine connection of G/H is locally flat. 

We now prove the following theorem which is an extension of a theorem 
of Cartan in the riemannian case. 


THEOREM 16.1. Let G/H be an irreducible symmetric homogeneous 
space where G is semi-simple and effective on G/H. Then the largest con- 
nected group of affine transformations of G/H (of course, with respect to the 
canonical affine connection) “is equal to G. 


Proof. Since G/H is complete, the group of all affine transformations 
of G/H is a Lie group Let Gt be the identity component of this group 
and let Gi/Hi = G/H. We shall show that Gt/Ht can be considered as a 
symmetric homogeneous space. Let op be the symmetry as po and define an 
involutive automorphism of of Gt as follows: (af) =o: at-oo, which is 
again an affine transformation since the canonical affine connection is 
invariant by oo. ot so defined is obviously an extension of the automorphism 
o which defines G/H. Let Ki be the subgroup of fixed points of of. We 
show that Ht lies between Kt and its identity component Kto. : 


Let at be any element of Ht. Since at- ps — Po, at induces a linear 
transformation of the tangent space m at po, and so does (at)°t, These two 
linear transformations of m coincide since (oo): X = — X for X em. at and 
(ai)°t being affine transformations, they coincide.® This proves that Hi C Kt. 
In order to prove that KT, C Ht, it is sufficient to prove that every element 
in a sufficiently small neighborhood of e in KT lies in Ht. Let N* be a 
neighborhood of po in which p is the only fixed point of sọ and let U be a 
neighborhood of e in Gt such that at - po e N for every ae U. LetateUN Ki. 
Since (aï)oi — at, we have af - pe = oo ` aÏ * 00° p = 00° Gt Po, Which implies 


8 See [9]. 
See [9]. 
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that ai - Po = po since af -poe N* and since po is the only fixed point of oo 
in N*. This proves that KT: C H. 

Let gi — mt + ht be the canonical decomposition of the Lie algebra 
of the symmetric homogeneous space Gf/HŸ. Since G/H = G1t/H7, we have 
mi—m. Since § C hi, ad(ht) in mis irreducible. Since G/H = Gt/Ht is 
not locally flat by assumption, (16.1) and (16.2) imply that [m, m] = hi. 
On the other hand, [m,m]—}. Hence bi == § and gi —g. We have thus 
proved that GT == G. 


As a consequence we have 


THEOREM 16.2. Let G/H be an irreducible riemannian symmetric 
homogeneous space where G is semi-simple and effective on G/H. Then the 
largest group of affine transformations and the largest group of ‘isometries 
of G/H have the same identity component. 


Proof. The identity components of these groups coincide with G. 


; TA 
We remark that the same conclusion has been aroved for any compact 
riemannian space by K. Yano.!° 


17. Affine symmetric spaces. Just as in the riemannian case, we can ` 
define an affine symmetric space geometrically as follows. Let M be a mani- 
fold with an affine connection. For any pe M, there exists a neighborhood Np 
of p with normal coordinates x1,z?,- +, e”. We define the symmetry cp 
at p by opt) =— x for any point v == (21,4%, -: ,at)eN, op is an 
involutive homeomorphism of NV, onto itself with. p as the only fixed point. 
M is called an affine symmetric space if op for every pe M is an affine 
transformation of N, into itself. We wish to prove 


THEOREM 17.1. The following conditions about an affinely-connected 
manifold are mutually equivalent: 

a) M is an affine symmetric space; 

b) T—0 and AR =Q; 

c) For any pe dl, there exists a neighborhood N of p and an affine 
transformation of N onto a neighborhood of a certain symmetric homogeneous 
space with its canonical affine connection (we say simply that M is locally 
representable as a symmetric homogeneous space). 


19 He proved that any l-parameter subgroup of affine transformations of a compact 
orientable Riemannian manifold is in fact a l-parameter subgroup of isometries. 
See [12]. 
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_ The equivalence of these conditions in the riemannian case has been 
‘shown by Cartan. The affine case has been partly treated by him and 
J. H. C. Whitehead. 


Proof. Theorem 15.3 shows that c) implies a). We shall prove here 
that a) implies b). The proof of the most essential part b) — c) will be given 
as a special case of Theorem 18.1 in Chapter IV. 


In order to prove that a) implies b), let p be any point of M with a 
normal neighborhood Ny. For each tangent vector X at p, we define an 
infinitesimal transformation X* in N, by the parallel displacement along 
paths, that is, if ge Np lies on a path C joining p and q in Np, we define 
(X*), as the result of the parallel displacement of XY along C. Since 
(op)’: X =— X at p and since op is an affine transformation of N, into 
itself by assumption, we easily see that (cp) © £*¥* == — X*. The torsion 
tensor field T is invariant by øp that is, 


(op)! TAF, FE) == T((op) X*, (0p) ¥*) 


for the infinitesimal transformations X* and Y* corresponding to any tangent 
vectors Y and Y at p. Using (o,)’: X* == — X*, we obtain 


((op)" TAF, FF) )p = — (TA, FE) )9 
and, on the other hand, 
(T'((op)’-X*; (on) F*))o (TA, — Y*) )p = (TA, FŸ) )» 


that is, (T (X*, Y#)),=—=0. Since X and F are arbitrary tangent vectors at 
any arbitrary point p of M, we have thus proved that T is zero everywhere. 
AR = 0 can be proved in a similar fashion by making use of (4. 5). 


Chapter IV. Affine Connection Invariant By Its Parallelism. 


18. Affine connection invariant by its parallelism. We shall define a 
type of affine connection which is the simplest next to that treated in 
Chapter III. Let M be an affinely-connected manifold. Let C be a path 
from a point po to a nearby point p, We denote by (7(C))’ the parallel 
displacement of vectors along C, which is a linear mapping of the tangent 
space T (po) onto the tangent space T (pı). Let N, be a normal neighborhood 
of p, and let N, be a sufficiently small normal neighborhood of po. Each 
—————— pee , 

11 See [2] and [11]. 
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point go € No lies on a certain path with tangent vector, say X, at po. Let qi 
be the point which is on the path with tangent vector (r(C))’-X at p, and 
which corresponds to the same value of the canonical parameter as qo. We 
denote the mapping which sends gẹ into q, so determined by r(0) and call 
it a parallel transformation determined by the path C. +(C) is a local 
homeomorhpism of N, into N, and clearly induces the linear mapping 
(r(C))’ of T (po) onto T (p). 

If the affine connection of M is invariant by all parallel transformations, 
we say that the affine connection is. invariant by tts parallelism. 


We shall now establish 


THEOREM 18.1. The following conditions about an affinely-connected 
manifold are mutually equivalent: 


a) The afine connection is invariant by tts parallelism ; : 
b) AT =Q and AR =0; 


c) It is locally representable as a reductive homogeneous space G/H 
with its canonical affine connection of the second kind (with respect to a 
certain decomposition of the Ire algebra). . 


Proof. Let G/H be a reductive homogeneous space with its canonical 
affine connection of the second kind. We see from property (A2) that a 
parallel transformation along a path 2*(s) with origin pə is nothing but 
the transformation by the 1-parameter subgroup æ(s) whose projection is the 
given z*(s). This fact and the invariance of the affine connection by G proves 
that c) implies a). 


a) —b) is an easy consequence of the following alternative definition 
of the covariant differentiation of tensor fields in any affinely-connected mani- 
fold. Let C(s) be a path with tangent vector X at the origin p where s 
is the canonical parameter. Let +(C(s))’ denote the parallel displacement 
along the path from p up to. the point with parameter s. If F is a tensor 
field of type, say (1, 2), then 


(Ax: F} (Y, 4) 
-$ ey: s){(r(C(s)))’ - FY, 2) — F(G(C(s)))" : Y, ((C(s)) - Z)} 


for any tangent vectors X, Y and Z at p. 
In order to prove that b) implies c), we need some preparations, which 
we shall do in the next Section 
~N 
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19. Certain identities derived from AT = 0 and AR —0. In the 
following, we shall denote by X, Y and Z any infinitesimal transformations 
in an affinely-connected manifold M. Ty denotes the mapping Y + T(X, Y) 
of X into itself and G{P(X,Y,Z)} denotes the sum of the expression 
P(X, Y,Z) over the cyclic permutations (X, Y, Z), (Y,Z,X) and (Z, X,Y). 
We shall derive certain identities from the conditions AT — 0 and AR = 0. 
(19. 1) If AT = 0, then [Ax, Ty] = Ph 


Here Ay is the mapping Z —t(Z)X of Æ into itself which was defined in 
Section 4, and [Ax, Ty] is the bracket product of endomorphisms of the 
linear space X. If AT — 0, we have 


Api TX, Tes T Ag XV) TO As) 
= Ag Tx: Y — Ty: Az: Y — Tax Y =0 
which gives the desired result. 
(19.2) If AT ==0, then G{R(X, F)-Z2—T(T(X,F),7)}—=0. 


Proof. We introduce the following affine connection ¥ associated to the 
given affine connection ?¢: 


U(X) Y == t(X)Y + (1/2)T (X, Y).” 

Since the torsion tensor of the new connection #” is equal to 0, its curvature 
tensor À” satisfies the well known identity G{R’(X4, Y) -Z}=0. Let A’y be 
the mapping X — F(X)F of X into itself. From A’y —— (1/2)Ty + Ay 
we obtain, by using (19.1) and (4. 4) 
R’ (X, Y) = [A’x, Sr] — A’ xy) 

= [— (1/2)Tz + Ax, —(1/2)Ty + Ar] + (1/2)T iz. — Arr 

= R(X, Y) + (1/4) LTx, Tr] — (1/2){[Tx, Ar] + [Ax, Ty] — Tn} 

= R(X, Y) + 0/4) (Px, Ty] — (A/R) Triez. 
We easily see that 

S{[Tx, Ty]: Z} = — 26{7(T(A, Y), 2)} 

and hence we get (19.2). 
(19.3) If AR==0, then G{R(T(X, VY), Z)} = 0. 


Proof. Using the identity R(AzX, Y) — R(AzY, X) = [Az, R(X, Y)] 
which is an immediate consequence of AR = 0, we have * 


72 If ¢ is defined by means of I*,,, then t’ is defined by L'F,, = (1/2) (TS, + T#,,). 
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S{R(T (X, Y), Z)} = G{R(Ax Y — Ay: X — |X, Y],Z) 
= R(Ax: Y, Z) —R(Ay: X, Z) — R([X, Y], 2) 
+ R(Ay:Z,X)—R(Az: Y, X) —R([Y,21,X) 
+ R(Az: X, Y) — R(x: Z, Y) —R([Z, X], Y) 
= G{TAz, R(X, Y)] — R([X, ¥], Z)} 
= ©{[Az, R(X, Y)] — [Arzi Az] + Atza} 
= G{ [Az; R(x, Y) =F Arx,v1]} 
= ©{[Az, [Ax, Ay]]} = 0, 
where we have used the Jacobian identity G{[[X, Y], Z]} — 0 in & and the 
Jacobian identity 6{[Az, [Ax, Ay]]} = 0 for endomorphisms. | 


We are now in a position to prove that b) implies c). Let M be an 
affinely-connected manifold such that AT =Q and AR=0. Let p be any 
arbitrary point of M and m the tangent space at p. We denote by § the Lie 
algebra consisting of endomorphisms of m which, when extended to a deriva- 
tion of the tensor algebra over m, leave the tensors T and R at p invariant. 
Since AT = 0 and AR==0, Ay for any XY em belongs to b, and so does 
R(X, Y) = [Ax, Ay] — Arxm for any À and Yem. Now we define a Lie 
algebra g in the following fashion. As a vector space g is the direct sum of 
m and §: g =m + 5, where we define the bracket operation as follows: 


For X, Y em, [X, Y] = (—T(X, Y), — R(X, Y )) 
For Xem, Ueh, [X, U] =— U: X (U operating on X) 
For U, V €b, [U,V] = UY — VU. 


The Jacobian identity is satisfied in virtue of (19.2) and (19.3), and g is a 
Lie algebra of which § is a subalgebra. 

Let G be the simply connected Lie group having g as the Lie algebra 
and H the Lie subgroup of G generated by §. Since § consists of all endo- 
morphisms of m which leave T and È invariant, we see that H is a closed 
subgroup. Clearly G/H is a reductive homogeneous space with the abové 
decomposition g=-m-+-§. The canonical affine connection of the second 
kind on G/H has the same values of the torsion and curvature tensor fields 
at po (the point represented by the coset H) as those of the given affine 
connection of M at p. Therefore we shall be able to conclude the proof of 
b) —>c) if we prove 


(19.4) Let M and MW be two manifolds with affine connection which 
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both satisfy the conditions b) of Theorem 18.1. Let pe M and p'e W and 
let m and mv be the tangent spaces at p and p’ respectively. If A ts a linear 
isomorphism of m onto m’ which transforms the torsion and curvature tensors 
at p into those at p’, then there exists an affine transformation of a neighbor- 
hood of p onto a neighborhood of p’ which induces the given A at p. 


Or what amounts to the same, 


(19.5) An affine connection such that AT —0 and AR =Q is uniquely 
determined, locally, by the values of T and R at a given point. 


(19.5) is well known in the riemannian case. We shall prove the general 
case by a technique similar to that of Cartan.2® Let pọ be any point of M 
and Xi, Xat + *, À, a frame at po. Let N be a normal neighborhood of po 
and define the infinitesimal transformations Y,*, X,*,---, Xn* by the parallel 


displacement along paths as we did before. Let ¢(¥,*)(X;,*) = ÿ yirt" 
j=l 


R 
and set wtp == D; yfgpwt where wt, w?,- - +,” are linearly independent differ- 
= 


ential forms such that <X; 07> = ôy. If T(X;*, X;*) => Ti,,X3* is the 
` 4=1 


n 
expression for the torsion tensor field in N, then Tt == $, Timol Auf is, for 
A1 


each i, a differential form of degree 2. It is easy to verify 
(19.6) (1/2) D Tipo Aa = oi, \w? — dwt for each 1. 
3,k=1 p=1 


% 
If R(X;*, Xr*) > Xi" = J, R+yXs* is the expression for the curvature tensor 


j= 
n 
- field in N, then Rir = 3 Riol Ao* is, for each i and l, a differential form 
ord 
of degree 2 and | 
n # 
(19.7) BS (1/2) Rigrof No = X wtp /Aw?, — du, for each i and l 
j,k=1 pal 
“We remark that we have used the formula 
dot(Xj", Ea*) = (1/2)0%([X}*, Xe"). 


Since AT —0 and AR—0, T and R are invariant by the parallel 
displacement. From the choice of X;*, we see that the coefficients Ti and 
Rt, are constants. We shall show that (19.6) and (19.7) determine wt 


À 


13 See Chapter X, IT, pp. 236-238 and Chapter XI, II, pp. 262-265 of [4]. 


64 KATSUMI NOMIZU. 


and w*, and hence the affine connection uniquely. We consider coordinates 
(at, a?,: + <, a”; t) instead of the normal coordinates (æt) in N. The coordi- 


nates (at) remain constant along the path with tangent vector >) a+X; at po. 
i=l 


It is easy to see that wt, when expressed in terms of a* and t, can be written 
as w(t, at; dt, dat) = atdt + o (t, at; da‘) where w* does not contain dé. 
On the other hand, wt,(é, at; dt, dat) == o*t, (t, at; da‘) does not contain dt 
either. We substitute these expressions into (19.6) and (19.7) and take the 
terms which contain dt. We then obtain the following system of differential 
equations : 


LU n 
(19. 8) du i/8t = dat + $ Potty + >» Tin ot 
p=1 ket 


n 
Jwt 0t = > Ra wi, 
f ead 


with the initial conditions 
(19.9) w*#(0,a*; dat) = 0, w*t,(0, a’; da’) == 0. 


The differential equations (19.8), together with the initial condi- 
tions (19.9), determine o*t and o*', uniquely as linear expressions in 
da‘, da?, ->> , da” with coefficients which are entire functions in t, at, af,- +, a”. 
Therefore œo? and wp and hence the affine connection in N are uniquely 
determined. The existence of the solutions follows from the fact that we 
can construct a homogeneous space G/H with its canonical affine connection 
of the second kind as we have shown before. We have thereby completed 
the proof of Theorem 18. 1. 


20. Final remarks. First we shall complete the proof of b) —c) in 
Theorem 17.1. By Theorem 18.1, we see that the affine connection in 
question is locally representable as G/H with its canonical affine connection 
of the second kind. Since, in particular, T == 0, we see from the construction 
of the Lie algebra g = m + 6 that [m, m] C ÿ. This means that G/H is 
locally representable as a symmetric homogeneous space as we see from the 
proof of Theorem 15.2. This concludes the proof of Theorem 17. 1. 

To sum up, we have the following table which shows a close relationship 
between the simple types of affine connection and the groups spaces or 
homogeneous spaces. 


a) T=0, R—0 (locally flat) = locally representable as an abelian 
group with its canonical affine connection. 
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b) AT =Q, R= 02 locally representable as a group with its (—)- 
connection. 


c) T—0, AR —0 (affine symmetric space) = locally representable as 
a symmetric homogeneous space. 


d) AT—0, AR=0 (affine connection invariant by its parallelism) 
z2 locally representable as a reductive homogeneous space with its canonical 
affine connection of the second kind. 


CoLUMBIA UNIVERSITY. 


BIBLIOGRAPHY. 





[1] A. Borel and A. Lichnerowicz, “ Espace riemanniens et hermitiens symétriques,” 
Comptes Rendus de PAcademie des Sciences (Paris), vol. 234 (1952), 
pp. 2332-2334. 

[2] E. Cartan, “La géometrie des groupes de transformations,” Journal de Mathé- 
matiques pures et appliquées, t. 6 (1927), pp. 1-119. 

[3] E. Cartan, La théorie des groupes finis et continus et l’analysis situs, Memorial 
des Sciences Mathématiques, fase. XLII (1930). 


[4] ————, Leçons sur la géométrie des espaces de Riemann, Paris, Gauthier-Villars 
` (1946). 
[5] , “Sur une classe remarquable d'espaces de Riemann,” Buletin de la 





Société Mathématique de France, t. 54 (1926), pp. 214-264; ibid., t. 55 
(1927), pp. 114-134. 
[6] S. S. Chern, Lecture notes (Differential geometry), Department of Mathematics, 
University of Chicago. 
[7] C. Chevalley, Theory of Lie groups I, Princeton University Press (1946). 
[8] L. P. Eisenhart, Continuous groups of transformations, Princeton University Press 
(1933). 
[91 K. Nomizu, “ On the group of affine transformations of an affinely-connected mani- 
fold,” to appear in Proceedings of the American M athematical Society. 
[101 S. Sasaki, “On a theorem concerning the homological structure end the holonomy 
groups of closed orientable symmetric spaces,” Proceedings of the Japanese 
Academy, vol. 27, No. 27 (1951), pp. 81-85. 
[11] J. H. C. Whitehead, “Affine spaces of paths which are symmetrie about each point,” 
Mathematische Zeitschrift, vol. 35 (1932), pp. 644-659. 
[12] K. Yano, “On harmonic and Killing vector fields,” Annals of Mathematics (2), 
vol. 55 (1952), pp. 38-45. 


SOME THEOREMS CONCERNING SPIRALS IN THE PLANE.* 


By B. J. BALL. 


Throughout this paper the space under consideration will be the Euclidean 
plane. l 

The definitions given by R. L. Moore in [6] are essentially equivalent 
to the following, also due to Professor Moore. An are ¢ is said to spiral 
down on a point O provided there does not exist a finite sequence of rays + 
each starting from O such that the first has no point other than O in common 
with ¢, the last is a straight ray, and no two adjacent rays of the sequence 
bave a point other than O in common. The arc ¢ is said to go n steps 
toward spiraling down on O provided there does not exist a sequence of n 
rays satisfying the above conditions. An arc which spirals down on some 
point is called a spiral and a point set which contains no spiral is said to be 
spiral free. 

In this paper an example is given of a compact, totally disconnected, 
closed point set such that every are containing it spirals down on each of 
uncountably many points. In order that the compact, totally disconnected, 
closed point set M should be a subset of a spiral free arc it is sufficient that 
the projection of AZ onto some straight line be totally disconnected and it is 
necessary and sufficient that W be a subset of the sum of the elements of a 
continuous and equicontinuous collection G of mutually exclusive spiral free 
arcs such that G, with respect to its elements as points, is totally disconnected. 
A number of related results are also obtained. 


Definitions. 1. A finite sequence F of simple discs? is called a weak 
chain provided that every two adjacent terms of FP have only one point in 
common and every two nonadjacent terms of F are mutually exclusive. The 
terms of F are called its links and the first and last terms of F are called its 
end links. The sum of the links of F will be denoted by F*, and in general, 
if G is a collection of point sets, G* will denote the sum of the sets of the 


* Received April 13, 1953; revised August 18, 1953. 
+ The term.ray is here used to denote a closed topological image of a straight ray. 
* A simple closed curve plus its interior is called a simple disc. 
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collection G. 2. The weak chain F is said to have property Y with respect 
to the simple dise K provided there are two points A and B of the boundary 
of K such that (1) there is only one link of F containing A and only one 
containing B and these are the end links of F and (2) F*— (A + B) isa 
subset of the interior of K. A point z of a link f of F will be called a 
special point of f with respect to F and K if + belongs either to the boundary 
of K or to a link of F different from f. 3. If K is a simple disc and n is a 
positive integer, then the weak chain F is said to have property X, with 
respect to K provided that (1) F has property Y with respect to K, (2) F has 
only three links and (3) if O is a point of the center link of F and ¢ is an 
are which intersects both the boundary of K and the center link of F and 
does not go n steps toward spiraling down on O, then if f denotes either of 
the end links of F, t- f contains an arc which separates the special points of 
f from each other in f. It can be shown that if A and B are two points of 
the boundary of a simple disc K and n is a positive integer, then there exists 
a weak chain F such that F* contains A + B and F has property X, with 
respect to K. 


Taeorem 1. If D is a domain, e is a positive number and n is a positive 
integer, then there exist a compact, totally disconnected closed point set M 
and a collection G of mutually exclusive simple discs such that (1) G* + M 
is a closed subset of D, (2) each element of G has diameter less than e and ~ 
(3) if t is an arc containing M, there is an element g of G such that t goes 
n steps toward spiraling down on every point of g. 


Proof. Let K be a simple dise of diameter less than e lying in D and 
let F be a weak chain having property X, with respect to K. If f is an end 
link of F, there exists a weak chain c having property Y with respect to f 
such that c* contains the special points of f and each link of c has diameter 
less than 1. Let C, denote a collection consisting of one such weak chain 
for each end link of F. If q is a link of an element of Cj, there exists a weak 
chain À having property X, with respect to g such that h* contains the 
special points of g. Let H, denote a collection consisting of one such weak 
chain for each simple disc which is a link of an element of C,. For each 
end link f of an element of H, there exists a weak chain c having 
property Y with respect to f such that c* contains the special points of f 
and each link of c has diameter less than 1/2. Let C, denote a collection 
consisting of one such weak chain for each simple disc whigh is an end 
link of an element of H,. If q is a link of a weak chain of the collection 
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Cz, there is a weak chain A having property X, with respect to q such that A* 
_contains the special points of q. Let H, denote a collection consisting of one 
such weak chain for each simple disc which is a link of an element of C2. This 
process may be continued. Hence there exist two sequences Ho, Hi, Ho,: : : 
and Ci, Co, C3,-- * such that H, is the collection whose only element is F and 
for each positive integer 1, the following statements are true: (1) C; and H; 
are finite collections of weak chains, (2) every link of an element of C; has 
diameter less than 1/1, (3) if c is an element of C;, there is an end link f of 
an element of Hi, such that c has property Y with respect to f and c* 
contains the special points of f, (4) if f is an end link of an element of Hi, 
there is exactly one element c of C; such that c has property Y with respect 
to f and c* contains the special points of f, (5) if A is an element of Hi, 
there is a link q of an element of C; such that h has property Xn with respect 
to q and h* contains the special points of g, (6) if q is a link of an element 
of Ci, there is exactly one element h of H; such that h has property XY, with 
respect to q and h* contains the special points of g. 


For each non-negative integer 1, let M; denote the sum of all simple discs 
f such that f is an end lnk of an element of H;. Then M; is closed and con- 
tains Mı. Let M denote the common part of the point sets Mo, M, M2,---. 
Then M is closed and compact, and contains all the special points of the end 
links of the elements of Ho, Hı, H:,- - +. For each positive integer i, every 
component of M; is a subset of the sum of two intersecting links of an element 
of C; and consequently has diameter less than 2/1. Hence M is totally dis- 
connected. Let Œ denote the collection of all simple discs g such that for 
some non-negative integer 1, g is the center link of an element of A; The 
elements of G are mutually exclusive. If 7 is a positive integer and g is the 
center link of an element of H;, then every point of g is at a distance less 
than 1/i from some point of M. Hence G* + M is closed. 

Suppose ¢ is an are containing M and there is no element g of G such 
that ¢ goes n steps toward spiraling down on each point of g. There exists 
a ray r starting from a point O of the center link of F and not intersecting t 
such that no arc of r goes n steps toward spiraling down on O. Let f, denote 
one of the end links of F and let + and y denote its special points. Since F 
has property XY, with respect to K and r contains an arc intersecting both 
the boundary of K and the center link of F, r contains an arc which separates 
x from y in fo. 

Since + does not intersect M, there exists a positive integer 4 such that 
for no end link f of an element of H, does r contain an arc which separates 
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the special points of f from each other in f. Let j-denote the smallest such 
integer +. There exist a simple disc f, two points v and y of f, and an arc u 


of r such that f is one of the end links of an element of Hja, £ and y are 


the special points of f, and u is a subset of f which separates œ from y in f. 
Let c be the element of C; which has property Y ‘with respect to f. Since x 
and y belong to c* and u separates a from y in f and does not contain any of 
the special points of the links of c, there exists a link g of c such that u 
contains an arc which separates the special points of q from each other in g. 
Let z and w be the special points of g and let v be a subarc of u which is 
. irreducible with respect to the property of separating z from w in q. Leth 
denote the element of H; which has property X, with respect to q and let f, 
and fe denote the end links of k containing z and w, respectively. Let L 
denote the component of q — v which contains z and let N denote the other 
component of g—-v. Since the special points of f, belong to M and v does 
not intersect M and contains no are which separates the special points of f, 
from each other in fı, both of the special points of f, belong to L. Similarly, 
both special points of fe belong to N. Since both special points of f, belong to 
E and one of them belongs to the boundary of q and the other belongs to the 
center link of A, t contains an are # which is a subset of L and intersects 
both the boundary of g and the center link of h. Since À has property 4, 
with respect to q and there is a point of the center link of À such that t? does 
not go n steps toward spiraling down on it, {” contains an arc which separates 
the special points of f from each other in f: Since ¥ is a subset of L and 
L does not contain either of the special points of f., D-f. separates the 
special points of f, from each other in f, and hence so does v fe. This involves 
a contradiction. Hence if ¢ is an arc containing M there is an element g of G 
such that t goes n steps toward spiraling down on every point of g. 


COROLLARY 1.1. If A and B are two points, then for every positive 
integer n there exists a compact, totally disconnected, closed point set M, 
not containing A or B such that every arc from A to B which does not 
intersect M, goes at least n steps toward spiraling down on some point. 


Proof. The argument for Theorem 1 can be used almost without 
modification to establish that if P and Q are two points of the boundary of 
a simple dise K, then for every positive integer n there exists a totally dis- 
connected, closed subset H, of K such that every arc lying in K —H, and 
separating P from Q in K goes at least n steps toward spiraling down on 
some point. For any two points A and B there exist simple discs K, and K, 
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with only two points, P and Q, in common such that K, + K, separates A 
from B. If Hm and Hy. are compact, totally disconnected, closed subsets of 
K, and K., respectively such that for i == 1 or 2, every arc lying in K,— Hp; 
and separating P from Q in K, goes n steps toward spiraling down on some 
point, then every arc from A to B which does not intersect Hm + Hye goes 
n steps toward spiraling down on some point. 


THEOREM 2. There exists a compact, totally disconnected, closed point 
set such that every arc containing tt spirals down on each of uncountably 
many points. 


Proof. It follows from Theorem 1 that there exist a compact, totally 
disconnected, closed point set M, and a collection H, of mutually exclusive 
simple dises such that (1) M, + H,* is closed and compact, (2) each element 
of H, has diameter less than 1, (8) if ¢ is an arc containing Ma, then there 
are two elements of H, such that ¢ goes 1 step toward spiraling down on 
every point of their sum. If g is an element of H,, there exist a closed, 
bounded, totally disconnected point set M, and a collection H, of mutually 
exclusive simple discs such that (1) if, + H,* is a closed subset of g, (2) 
each element of H, has diameter less than 1/2, (3) if ¢ is an are containing 
M,, there are two elements of H, such that ¢ goes 2 steps toward spiraling 
down on every point of their sum. Hence there exist a point set M, and a 
collection H, of mutually exclusive simple discs each of diameter less than 
1/2 such that (1) M, + M, is closed and totally disconnected (2) H,” con- 
tains M, + H,* and M, intersects every element of H, (3) if g is an element 
of H, and ¢ is an are containing g: M, then there are two elements of H, 
lying in g such that ¢ goes 2 steps toward spiraling down on every point of 
their sum. 


Thus there exist two sequences M,, Ma, Ma, - - and Ha, Ha, H,,- + - such 
that if n is a positive integer, then (1) Jf, is a point set and H, is a 
collection of mutually exclusive simple discs each of diameter less than 1/n, 
(2) A + Mo + M; +: +, is closed and totally disconnected and 
M, + Mo + Ms +: +--+ M, + H,” is closed and compact, (3) H,* con- 
tains Mn + Hna” and Mas intersects every element of Ha, (4) if g is an 
element of H, and t is an are containing g Mn, then there are two elements 
of Hn. lying in g such that t goes n steps toward spiraling down on every 
point of their sum. 

For each positive integer n, let Mx — M, + M, +- p Mn p H". 
Then M,’ is closed and compact, each component of M, has diameter less 
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than 1/n, and M, contains M,,,’. If M denotes the common part of the 
point sets M,’, M’, M, + +, then M is closed, compact and totally dis- 
connected. Suppose ¢ is an are containing M. Since t contains M,, there 
exist two simple discs g, and gə of H, such that ¢ goes 1 step toward spiraling 
down on every point of their sum. Since ¢ contains M, : gı and Me- go, there 
exist four simple dises gis, 1, Jo. and goo of H, such that gi; and giz lie in 
IN Ji, Jor and goo lie in go, and ¢ goes 2 steps toward spiraling down on every 
point of their sum. This process may be continued. Hence there exists a 
sequence Gi, G2, Ga - - such that if n is a positive integer, then (1) Gn is a 
collection of 2" mutually exclusive simple discs, (2) each element of Gmn 
is a subset of some element of G, and each element of G, contains two elements 
of Gy. and (3) ¢ goes n steps toward spiraling down on each point of G,*. 
Let K denote the common part of the point sets G,*,G.", @s*,---. Then 
K is an uncountable subset of M. If O is a point of K, then for every positive 
integer n, t goes n steps toward spiraling down on O. Hence t spirals down 
on every point of K. 


THsorem 3. If the arc t spirals down on the point O, then O belongs 
to t and every subare of t which contains O spirals down on O. 


Tasorem 4. If two arcs have only the point O in common and one of 
them spirals down on O, so does the other. 


Defimtion. Suppose M is either a domain or a nondegenerate continuous 
curve. The reversibly continuous transformation T of M into some point 
set is said to be spiral preserving provided that if u is an arc lying in M 
and P is a point of M, then u spirals down on P if and only if T(u) spirals 
down on T(P). 


THEOREM 5. <A reversibly continuous transformation of a domain D 
into a domain is spiral preserving provided every point of D belongs to a 
spiral free arc which is transformed into a spiral free arc. 


Proof. Suppose u is an arc lying in D and P is a point of D such that 
u does not spiral down on P. There exists a sequence Ui, Uz, * *, Un of arcs 
lying in D such that t: u = P, ue: Uy = P,’ * `, Un’ Una = P and w Is a 
straight line interval. Suppose T(u) spirals down on T(P}, Since T(u) 
and T(u;) have only T(P) in common and T(u) spirals down on T(P) 
it follows from Theorem 4 that T (u1) spirals down on T(P). Since T (u) 
and T(u:) have only T(P) in common, T (ua) spirals down on T(P). Hence 
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T (un) spirals down on T(P). Let g be a spiral free are lying in D and con- 
taining P such that 7'(g) is spiral free. There exists a sequence 91, 92, * *‘ , 9m 
of arcs lying in D such that gı: g =P, 92:91 = P,> © *59m'9mi = P and 
gm is a straight line interval. Since T(g) and T'(g;) have only T(P) in 
common and 7'(g) does not spiral down on T(P), it follows from Theorem 4: 
that T(gı) does not spiral down on T(P). Since 7(gi) and T(g2) have 
only T(P) in common, T (ga) does not spiral down on T(P). By induction, 
T (gm) does not spiral down on T(P). Since T(u,) spirals down on T(P) 
and T (gm) does not, T(u,) and Z'(gm) have a point different from T(P) 
in common. Consequently, since Un and gm are straight line intervals, there 
exists an interval v which contains P and is a subset of both un and gm. 
Since T(v) is a subare of T(u,) containing T(P) and T(u,) spirals down 
on T(P), by Theorem 3, T'(v) spirals down on T(P}. It follows that T (gm) 
spirals down on T(P). This is a contradiction, and hence 7'(w) does not 
spiral down on T(P). 


It follows from the above argument that if v is an arc lying in T(D) 
and Q is a point of 7(D) such that v does not spiral down on P, then 
T*(v) does not spiral down on T-*(Q). Hence if u is an are lying in D 
and P is a point of D such that u spirals down on P, then T(u) spirals down 
on T(P). Hence the transformation T is spiral preserving. 


COROLLARY 5.1. Every conformal mapping of one domain onto another 
is spiral preserving. 


p 


This is an immediate consequence of Theorem 5 and the fact that no 
conformal mapping transforms a straight line interval into an are which 
spirals down on a point. 


Definitions. A collection G of points sets is said to be continuous pro- 
vided it is true ‘that if the element g of G contains a point of the sequential 
limiting set of a sequence of elements of G, then g is the sequential limiting 
set of that sequence. A collection G of arcs is said to be equicontinuous 
provided that for every positive number e there exists a positive number 8 
such that if « and y are two points of an arc g of G at a distance apart less 
than ô, then the diameter of the interval zy of g is less than e. 


THEOREM 6. If.A, B, D, and C are four points lying in that order on 
the simple closed curve J and no arc of J spirals down on any point, then 
there is a continuous and equicontinuous collection of G of mutually exclusive 
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spiral free arcs filling up J plus its interior such that each arc of G is 
irreducible from AB to CD. 


Proof. Let I denote the interior of J and let J’ and I’ denote a circle 
and its interior, respectively. There is a reversibly continuous transformation 
T of I + J into F + J’ which represents I conformally on J’ ([2], pp. 81-86). 
(The use of this theorem was suggested by Professor E. J. McShane.) By 
Corollary 5.1, T is spiral preserving over I. Since no are of J spirals down 
on any point, T is spiral preserving over I + J. Let A’, B’, C’, and D’ denote, 
respectively, 7(A), T(B), T(C) and T(D). It can be shown that there is 
a continuous and equicontinuous collection G of mutually exclusive spiral free 
ares filling up F + J’ such that each are of G is irreducible from A’B’ to 
CD". The collection T> (G) is a continuous and equicontinuous collection 
of mutually exclusive spiral free arcs filling up J + J and each arc of T(G) 
is irreducible from AB to CD. 


THEOREM Y. Let J denote a rectangle with vertices A, B, D, C, such 
that the interval AB is vertical, A is above B, C is above D, and D is to the 
right of B. Let I denote the interior of J. Suppose G is a collection of 
mutually exclusive arcs such that (1) each arc of G is irreducible from. AC 
to BD and is a subset of J + I, and (2) each pair of points of J + I which 
he on the same horizontal line are separated in J + I by an element of G. 
Then there exists a continuous and equicontinuous collection @ of mutually 
exclusive arcs such that (1) G* =J + I, (2) every arc of G is irreducible 
from AC to BD, (3) no horizontal line contains two points of any arc of @, 
(4) G is a subcollection of Œ. 


Lemma 7.1. Under the hypothesis of Theorem 7, G is equicontinuous. 


Proof. Suppose G is not equicontinuous. It follows that there exist 
a sequence gı, J2,93,° © © of arcs of G and three sequences gi, %e,%3,° * ”, 
Yi, Y2 Yao > ANA %, Zo, 28, © © Such that (1) for each n, Zn, Zn, Yn lie in 
that order on ga with +, above Z, and z, above Yn, (2) as no, £n and Yn 
converge to a point z and z, converges to a point z different from x. Let 1 
denote the horizontal line through +. Since for each n, 2, is above Za and 2, 
is above Yn, it follows that z is on /. Since x and z are on the same horizontal 
line, there is an arc of G which separates x from z in J + I. This involves a 
contradiction. Hence G is equicontinuous. 


Proof of Theorem %. Suppose g is the sequential limiting set of a 
sequence « of arcs of G. Then g is a continuum lying in J + I which inter- 
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sects both AC and BD. Suppose g’ is an element of G which intersects g. 
If g is not a subset of g’, there exist points + and y on the same horizontal 
line such that z belongs to g and y belongs to g’. Let g” be an element of G 
which separates « from y in J + I and let K, and K, be the components of 
(J + IT) — g” containing æ and y respectively. Since K, is an open set 
relative to J -+ I and contains a point of the sequential limiting set of œ, and 
the boundary of K, relative to J +- I does not intersect more than one element 
of a, K, contains all but a finite number of the elements of « But this is 
impossible since K, contains g’ and g’ intersects g. An almost identical 
argument shows that g cannot contain two points of any horizontal line. It 
follows that g is an are irreducible from AC to BD and is either an element 
of G or does not intersect G*. 


Let G’ denote the collection of all ares g such that g either belongs to G 
or is the sequential limiting set of some sequence of arcs of G. It is easily 
see that the collection G” satisfies the desired conditions. 


THEOREM 8. Let A, B, C, D, J, and I be defined as in the hypothesis 
of Theorem Y and suppose M is a closed, totally disconnected point set lying 
in J + I such that the projection of M onto AB ts totally disconnected. Then 
there exists a continuous and equicontinuous collection G of mutually exclusive 
arcs such that (1) G*¥ =J 4- I, (2) each arc of G is irreducible from AC to 
BD, (3) no horizontal line contains two points of any arc of G, (4) the 
common part of BD and the sum of the elements of G which intersect M is 
totally disconnected. 


Lemma 8.1. Under the hypothesis of Theorem 8, if h and k are two 
arcs lying in J + I, each irreducible from AC to BD and neither containing 
two points of any horizontal line, then there exists an arc t lying between 
h and k such that t does not intersect M, is irreducible from AC to BD 
and does not contain two points of any horizontal line. 


Proof. There exists a sequence M,, Ma, Ma, - - of points sets such that 
(1) for each positive integer n, Mf, contains Mam, (2) for each n, M, has 
only a finite number of components and if m is a component of Ma, then m 
is a simple dise bounded by an interval of AB, an interval of CD, and two 
horizontal intervals, (3) the common part of M,, Mə, Ma,> > - is the set of 
all horizontal intervals with end points on AB and CD which intersect M. 
Suppose that for each positive integer n, there is a component m of AZ, such 
that there is no vertical interval lying in m—m-M and separating m h. 
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from m:k in m. It follows ([5], 56, Theorem 78) that there exists a 
sequence Mı, Ma Ma,” * * such that for each positive integer n, (1) m, is a 
component of M,, (2) Mn contains Ma, (3) every vertical interval separating 
Ma- h from Ma'k in m, intersects M. If 1 is the horizontal line containing 
the common part of Mi, Ma, Ms, * `, then every point of } between l-h and 
l-k belongs to M. But this is not possible since M is totally disconnected. 
Hence there exists an integer no such that if m is a component of Ma, there 
is a vertical interval lying in m and not intersecting M and separating m h 
from m-k in M. Hence there exists an are ¢ irreducible from AC to BD 
such that (1) ¢ lies between h and k, (2) if m is a component of M,,, then 
t-m is a vertical interval not intersecting M and separating m'h from 
m-k in m, (8) if D is a component of I —I- Me, then t: D is an are which 
does not contain two points of any horizontal line. It follows from (2) and 
(3) that no horizontal line contains two points of ¢. 


Proof of Theorem 8. Suppose H is a finite collection of mutually 
exclusive ares each irreducible from AC to BD and lying in J+J and no 
arc of H contains two points of any horizontal line. Then the maximum 
width of a component D of (J + 1) — H* will mean the length of the longest 
horizontal straight line interval lying in D. Let d denote the length of AC. 
With the aid of Lemma 8.1 it can be shown that there exists a sequence 
Gis Ge, Ga,” * > such that for each n, (1) Gù is a finite collection of mutually 
exclusive ares each lying in (J + 7) — M and irreducible from AC to BD, 
(2) no element of G, contains two points of any horizontal line, (3) Gn is a 
subcollection of Gu, (4) if D is a component of (J + J) — Ga”, then the 
maximum width of D is less than (3/4)"-d. Let G = Gi + Gette. 


Suppose æ and y are two points of J + I lying on the same horizontal 
line. There exists an integer n such that (3/4)"-d < p(a,y) and hence 
some element of G, separates « from y in-J+J. Hence G satisfies the 
hypothesis of Theorem 7 and consequently there exists a continuous and equi- 
continuous collection G’ of mutually exclusive arcs such that (1) @’* == J LT 
(2) every are of G’ is irreducible from AC to BD, (3) no horizontal line 
contains two points of any element of G’, (4) GŒ is a subcollection of @. 
Since G* does not intersect M and is dense in J + I, the common part of 
BD and the sum of the elements of G’ which intersect M is totally disconnected. 


THEOREM 9. If M is a compact, totally disconnected, closed point set 
and the projection of M onto the y-axis is totally disconnected, then there 
exists a reversibly continuous, spiral preserving transformation T of the plane 
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into itself which carries each horizontal line into itself and is such that the 
projection of T(M) onto each of the coordinates axes is totally disconnected. 


Proof. There exists a rectangle J with interior J and vertices A, B, D, C, 
such that M is a subset of J and AB is vertical, A is above B, C is above D 
and D is to the right of B. There exists a continuous and equicontinuous 
collection G of mutually exclusive ares satisfying the conditions of Theorem 8 
with respect to J, J, A, B, C, D, and M. There exists a reversibly continuous 
. transformation T of the plane into itself which carries each arc of G into a 
vertical straight line interval and which carries each horizontal line into itself 
(See [4], Theorem 1). By Theorem 5, T is spiral preserving. It may be 
easily seen that the transformation T carries M into a point set whose pro- 
jections onto the coordinate axes are totally disconnected. 


THEOREM 10. Suppose R is a rectangle with horizontal and vertical 
sides and G is a finite collection of mutually exclusive rectangular discs with 
horizontal and vertical edges such that G* is a subset of the interior of R. 
Let AB and CD denote the vertical sides of R. There exists a finite collection 
H of mutually exclusive arcs such that (1) each arc of H has one end point 
on AB — (A + B) and the other on CD— (C + D) and lies except for its 
end points wholly in the interior of R, (2) no vertical line contains two points 
of any arc of H, (3) if g is an element of G, there exist two ares hy and kg 
of H such that hg contains the upper edge, and k, the lower edge, of g and 
(4) no element of H intersects two elements of G. 


THEOREM 11. If the totally disconnected point set M is the common 
part of a sequence Mı, Mo, Mg, © > of point sets such that for each n, My +s 
the sum of a finite number of mutually exclusive rectangular discs with 
horizontal and vertical edges, then there exists a spiral free are containing M. 


Proof. Under the above hypothesis, M is the common part of a sequence 
M, M, M,’,- + + of point sets such that for each n, (1) M, is the sum of 
a finite number of mutually exclusive rectangular discs, (2) every component 
of M, intersects M and (3) every component of Maa’ is a subset of the 
interior of some component of Mp. 


Let Æ denote a rectangule with horizontal and vertical sides whose 
interior, J, contains M’. Let A, B, D, C denote vertices of R such that A 
is above B, C is above D, and D is to the right of B. Let M,’ denote R + I 
and let G, denote the collection of all components of Mf,’. There exists a 
finite collection H , of arcs which satisfies the conditions of Theorem 10 with 


CONCERNING SPIRALS IN THE PLANE. 77 


respect to R and G,. If m is a component of M,’, there exists an arc t which 
is the sum of the left edge of m and two arcs t, and t, each of which is 
irreducible from m to AB and is a subset of some arc of H,. Hence there 
exists an are u from A to B which is a subset of AB + H,” + MM,’ and which 
contains the left edge of each component of M,’. Let K, denote the point 
set u, + My’. 

Let Mi, Mo, * *, My denote the components of M,’. For each positive 
integer à not greater than n, let R; denote the boundary of m; and let x,y; 
denote the left edge of m,;. Let Ga; denote the collection of all components 
of M.’-m; There exists a finite collection Ha of ares which satisfies the 
conditions of Theorem 10 with respect to R; and Ga. By an argument similar 
to that given above, it can be shown that there exists an arc ux from 2; to y: 
which is a subset of ay; + Ha -+ m: Mf.’ and which contains the left edge 
of each component of m: Mz. Let K, denote the point set 


(Kı — M;°) -+ (Ua + tos + + Uan) + M. 


This process may be continued. 

Hence there exists a sequence Ki, Ka, K3,- + - of continua such that for 
each positive integer n, (1) K, contains K ns (2) Ky is the sum of Mx and 
an are u, from A to B which contains the left edge of each component of M,’, 
(3) if P is a point of K, which is not in the interior of any component of 
M,’, then there is a ray r starting from P such that no vertical line contains 
two points of r and such that r — P does not intersect Ka. 

Let K denote the common part of the point sets Ki, Ke, Kopt © °. Then 
K is a compact continuum containing M -+ A + B. It may be shown that 
K contains no continuum of condensation and hence is a continuous curve. 
If P is a point of K — (M + A + B), then for some n, P does not belong 
to M. It follows that P separates A from B in M,’ and therefore separates 
A from B in K. Since for each n, every component of M,’ separates A from 
B in K, and K is a continuous curve, it follows that every point of M 
separates A from B in K. Hence K is an arc from A to B. 


If P is a point of K, there is a ray r starting from P such that no 
vertical line contains two points of r and such that r—P does not intersect 
K. Consequently K does not spiral down on any point. 


THEOREM 12. If G is a continuous and equicontinuous collection of 
mutually exclusive, spiral free arcs such that G* is closed and compact and 
does not separate the plane, then there exist a rectangle ABDC and a reversibly 
continuous, spiral preserving transformation of the plane into ttself which 
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carries each arc of G into a straight line interval which has its end points on 
AB and CD and is parallel to BD. 


Proof. There exist a simple closed curve J and four points A, B, D, C 
lying in that order on J such that every arc G is irreducible from AB to CD 
and lies except for its end points wholly in J, the interior of J ([1], Theorem 12). 
With the aid of Theorem 6, the arguments for Theorems 11 and 13 of [1] 
can easily be modified to show that there exists a continuous and equicon- 
tinuous collection G, of mutually exclusive arcs such that (1) G,* =J -+ J, 
(2) each are of G, is irreducible from AB to CD, (8) G@ is a subcollection 
of G, (4) no arc of G, spirals down on any point of I. 


, There exist two mutually exclusive ares u, and w, such that (1) A and B 

are the end points of u,, u, contains G*- AB, and u, — (A + B + G*- AB) 
is a subset of J, (2) C and D are the end points of we, us contains G*- CD, 
and w—(C-+D-+ G*-CD) is a subset of J, (3) no are of G, contains 
two points of u, or of us. Let GŒ, denote the collection of all arcs g such that 
g is a subare of some are of G,, and is irreducible from t4 to we. Then G, is 
a continuous and equicontinuous collection of mutually exclusive spiral free 
ares, G.* is a simple dise, and G is a subcollection of G2. 

Let g, and gz denote the arcs of G, from A to C and from B to D, 
respectively. Let J. denote the boundary of G.*. Then J.==u,t+u.+gi+ge. 
Let J, denote a rectangle which has G,* in its interior. Let À denote the 
connected domain bounded by Jı + J. and let Æ denote a connected domain 
bounded by two concentric circles J,’ and J,’ with J.’ in the interior of Jy’. 
There exists a reversibly continuous transformation T” of R + Jı + J into 
R + J,’ + J which is conformal over R ([2], pp. 72 and 86). Since no 
arc of J, or of Ja spirals down on any point, it follows that T” is spiral pre- 
serving over À +J,+J.. The vertices of J; may be labeled A’, B’, D’, C’ 
in such a way that the points P(A), T(P’) T’(D’), T’(C’) lie in that 
order on J,’ and are in the same sense on J,’ that the points T’(A), T’(B), 
T'(D), T’(C) are on Je’. Let A” and B” be points lying in the order 
A’A” B’B’ on A’B’ and let C” and D” be points lying in the order CC” D” D’ 
on C’D’. There exist four mutually exclusive spiral free arcs each lying in 
R’ except for their end points and such that one of them has end points 
T’(A) and 7’(A’”), one has end points 7”(B) and 7’(B”), one has end 
points 7”’(C’) and 7”’(C’), and one has end points T’(D) and T’(D”). The 
inverses of these arcs are four mutually exclusive spiral free arcs AA”, BB”, 
CC”, and DD”, each lying in K except for its end points. These arcs divide 
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R into four simple domains. By applying Theorem 6 to each of these and 
adding together certain ares, it can be shown that there exists a continuous 
and equicontinuous collection G’ of mutually exclusive, spiral free arcs such 
that (1) @’* is the sum of J, and its interior, (2) each arc of G” is irre- 
ducible from A’B’ to C’D’, (3) each are of G, is a subarc of some arc of @. 

Suppose A’B’ is vertical. There exists a reversibly continuous trans- 
formation 7 of the plane into itself which carries each are of G’ into a 
horizontal straight line interval with end points on A’B’ and C’D’ and which 
does not change the z-coordinate of any point which is not in the interior 
of J, (See [4], Theorem 1). It follows from Theorem 5 that T is spiral 
preserving. 


THEOREM 18. In order that the compact, totally disconnected, closed 
point set M should be a subset of a spiral free arc it is necessary and sufficient 
that M be a subset of the sum of the elements of a continuous and equicon- 
tinuous collection G of mutually exclusive spiral free ares such that G with 
respect to its elements as points is totally disconnected. 


Proof. The conditions are clearly necessary. The following argument 
shows that they are also sufficient. 


With the help of the fact that every sequence of point sets in the plane 
which has limiting set contains a subsequence which has a sequential limiting 
set ([3], Theorem 5), it may be shown that if G@ is the set of all elements 
of G which intersect M, then G’* is closed and compact. Since G with respect 
to its elements as points is totally disconnected, every compoent of G* is an 
are of G. Hence G’* does not separate the plane. 


By Theorem 12, there exist a rectangle ABDC and a reversibly continuous 
transformation T, of the plane into itself which carries each are of G into a 
straight line interval which has its end points on AB and CD and is parallel 
to BD. Clearly, the projection of T,(M) onto AB is totally disconnected. 
Suppose AB is vertical. Since the projection of T (M) onto AB is totally 
disconnected, it follows from Theorem 9 that there exists a reversibly con- 
tinuous spiral preserving transformation T, of the plane into itself which 
carries each horizontal line into itself and which carries T, (M) into a point 
set whose projection onto each of the coordinate axes is totally disconnected. 
Let T denote the transformation TT, and let N denote the point set T (M). 

Since the projection of N onto each of the coordinate axes is totally 
disconnected, if g is a component of N and e is a positive number, then there 
exists a rectangle À, with horizontal and vertical sides which encloses q and 
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does not intersect N and is such that every point of it is at a distance less 
than e from q. From this it may be shown that N satisfies condition (2) 
of the hypothesis of Theorem 11. 

Hence there exists a spiral free are K containing N. Since N = 7'(M) 
and the transformation T is spiral preserving, T(K) is a spiral free arc 
containing M. 
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ON PARABOLIC CURVES ON SURFACES.* 


By PHILIP HARTMAN and AUREL WINTNER. 


Let § be a piece of a surface (of class C?, at least) in an (x, y, 2) -space, 
and let A be a parabolic are on 9, that is, an arc consisting of parabolic 
points, points at which the Gaussian curvature K of § vanishes. According 
to a consideration of P. Franklin [2], pp. 254-256, such an A (on an § of 
class O°, say) is a line of curvature of 8 if the following three conditions are 
satisfied: (a) no point of A is “singular,” and (b) no point of A is a flat 
point of S (that is, a point at which the matrix of the second fundamental 
form of S is the zero matrix), finally (c) at no point of S does a normal 
section of S possess a flex point. 

It is not clear what Franklin means by “singular” in assumption (a). 
' In this regard, it was shown in [3], Theorem (*), pp. 610-618, that if (a) 
is interpreted as meaning (a*) grad K 0 along A (which makes (b) super- 
fluous), while (c) is retained, then Franklin’s assertion is certainly true but 
its truth is of a drastic nature; in fact, (a*) and (c) imply that A is a 
plane curve and, what is more, the tangent plane of 9 does not vary along A 
(so that A is an asymptotic line, as well as a line of curvature, of S). In 
what follows, this result of [3] will be paralleled by a similar but deeper 
fact, as follows: 


(**) Let S: 2—2(x,y) be a surface of class O° defined over an open 
(x, y)-domain D. Suppose that there exists in D a Jordan are of class C*, 


(1) Do: x= s(t), y = y(t); LEE 


which divides D into two domains D*, D- on which the respective inequalities 
K > 0, K < 0 hold for the Gaussian curvature K = K (z, y) of S (so that, 
in particular, 


(Lbis) =A: (a, y, 2) = (at), y), (x), y); =1<t<1 


is a parabolic arc of class C* on 8). Suppose further that, if P is any point 
of A, the tangent plane T=—T(P) of S at P is a supporting plane of 9 
(near P). Then A is a plane curve and, what is more, T is independent of P. 
* Received February 28, 1953. | 
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The assertion of this theorem (**) is the same as that of theorem (*) 
of [3], quoted above. But S is required to be of class C® in (*), and just 
of class C? in (**). Moreover, the assumption grad K £0 of (*) is reduced 
in (**) to the much weaker assumption which requires merely the division 
(by D°?) of D into Dt and D-. Finally, assumption (c) of (*) is replaced 
by the last assumption of (**), requiring that S be supported by T(P) at 
every point P of A. It is understood that (even though P is a cluster point 
of points of negative curvature) the tangent plane T(P} is said to support 
S at P if 8 is contained in either of the closed half-spaces having the boun- 
dary T(P) (at least if S is replaced by a sufficiently small neighborhood of 
P on 8). 

A theorem of A. D. Alexandroff (Theorem 1 in [1]) is concerned with 
parabolic ares on certain closed surfaces and is a “theorem in the large,” 
a fact underlying the proof given by Alexandroff. In what follows, his proof 
will be modified so as to become adjusted to the situation presented by the 
“local theorem” (**) above. Thus the proofs of the facts corresponding 
to those in Sections 5-6 of [1], p. 72, will have to be quite different from the, 
arguments used (loc. cit.) by Alexandroff. On the other hand, the end of 
the proof of (**) will be identical with the proof in Section 7 of [1], pp. 72-73. 


Remark. It is worth emphasizing that (**) is not a theorem on a 
piece of surface S with the properties that K >0 on S and that a part 
of the boundary is a (smooth) are A on which K=0. For example, let 
S: X = X (u, v), where X = (x, y, 2), be a surface of class C? defined on the 
partly closed set (u = 0, w? + v? < 7°) in such a way that K == K(u,v) Z0 
according as u = 0 and that the tangent plane at a point (u,v) = (0,2), 
where v? < r°, supports S. It does not follow from (**), nor is it true, that 
(i) A: X == X(0,v) is a plane curve or that (ii) if A is a plane curve, the 
tangent plane does not vary along it. This will be shown by two examples. 


Ad (i). Consider the surface 9: z = g? + (x + 4y°)*, where (x,y) is 
in a vicinity D of a point (£o, yo) + (0,0) of the parabola Dy: f(x, y) = 0, 
where f = s 4- dy. Since Zes == 2 + 12f%, Zey = 1L2yf?, yy = 4P + 12y?f?, 
the curvature is 


K = K (a, y) = 4P (20 + ty? + 12f*)/(1 + a? + aP)’. 


Hence, if D is sufficiently small, K = 0 according as (x,y) is not or is on | 
Do The arc A: (— $y’, y, y*/4), for y near yo, is not a plane curve, although 
© is convex,’ hence every tangent plane is a supporting plane. 
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_ In view of Franklin’s statement quoted above, it is worth pointing out 
that A is not a line of curvature. In fact, Zy = 0, Zes = 2, Ze — 0 on A, 
so that the directions of principal curvature at a point of A are determined 
by dx — 0 and dy —0 and, therefore, A is not in a direction of principal 
curvature (except at the point (x, y) = (0,0), which is not in D). 


Ad (ii). Consider the surface S: z = s? -+ (s -+ y)*. Since 
Yon = 2+12f%,  Zay= 12F?, Zy = 12f?, 


where f = æ -+ y, the curvature K is 24f°/(1 -+ 22 + 2). Hence KZ 0 
according as (x,y}) is not or is on the line Do: -+ y =0. The are 
A: (xz, — zv, 2?) is a plane curve but is not in a direction of principal curva- 
ture at any point. In particular, the normal vector (2x, 0,—1)/(1 + 47r”)? 
is not constant along A. 


Proof of (**). Let the notations be so chosen that D is a neighborhood 
of the point (z,y) — (0,0) and that this point is on D°. If r>0 is so 
small that the circle B = B (r): £? + y? < r° is in D, let E—Z(r) be a 
neighborhood of (0,0) contained in B and having the following properties: 
Ẹ has a decomposition similar to that of D, that is, E == E* -++ E’ -+ H-; where 
E* are (non-empty) subsets of D*, respectively, and Æ° is a subset of D° and 
consists of an (open) subare of D°. Thus z= 2z(a,y) is defined on the 
closure of Æ, and the segment joining any pair of points in Ẹ is in D. 


It can be supposed that the point (x, y) = (0,0) of D° corresponds to 
t = 0, that 
(2) z(0, 0) == 2,(0, 0) = 2,(0, 0) = 0, 


and, since the tangent plane z—0 at (0,0,0) supports S, that 
(3) z(x,y) =0 on D. 


The normal vector N == N (a, y) = (— Zs — 2, 1) /1 + 22? + 2,*)4 is of class 
C+, since z is of class C?. Hence, the assumption that D° is of class C1 implies 
that N = N (t) = N (a(t), y(t)) is also of class O+. 

Suppose that the assertion of (**) is false, i.e., that dN/dts40. It 
can be assumed that 


(4) dN /dt 4 0 


at t == 0 and hence along E° = FE’ (r), if r is sufficiently small. According 
to (4), no point of E° is a flat point of 8S. 
It will be shown that, if r(> 0) is sufficiently small, and if (2, y), 
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(x(t), y(4)) are points of E+, E°, respectively, then N (s, y) 4 N (t). It will 
be clear from the proof that it is sufficient to prove N(x,y) AN(0,0) for 
(x,y) in E*. 

Suppose, if possible, that N (ao, Yo) = N (0,0) = (0,0,1) holds at a 
point (Zo Yo) of Ht. Since K (£o, Yo) > 0, the function z has a strict 
extremum at (%o, Yo). This extremum is a maximum. In order to see this, 
it is sufficient to note that, since K (0,0) == 0, the point (0,0) is not a flat 
point and (3) holds, it can be supposed, after a rotation of the (x, y)-plane, 
that 2(a, y) = -— Lan? + o(x? + y?) as (x, y) — (0,0), where a > 0. Hence 
Zen(0,0) =— a° < 0, and so 2,4 < 0 on # if r is sufficiently small. 

After another rotation of the (2, y)-plane, it can be assumed that x > 0 
and Yo = 0. The function z(+, y) is defined on the segment y = 0,0 St To, 
which isin D. It follows that z(z,0) has a maximum at z = 0 and at z = zo. 
Consequently, the curvature K == K(z,y) cannot satisfy K(z,0) >0 for 
0< «#2, for otherwise the curve z==z(z,0) in the plane y —0 would 
be concave downwards. Let x, be the greatest value of æ(< zo) at which 
K(z,0) =0. Thus K(zx, 0) > 0 for t, < t & £o and (%,0,2(4,0)) is a 
point of D°. Clearly, 2(2:, 0) & 2(%0, 0) S 0, 22(@, 0) > 0, since the plane 
curve z == z(2,0) is concave downwards for s, S s & so The tangent line 
y = 0, L(x, z) = 0, where D(a, 2) = 2— 2 (£, 0) — (£ — 2@,)2,( a, 0), sepa- 
rates (x, z) == (0,0) from (a, 2) = (£o, 2(%, 0)) in the (x, z)-plane. In fact, 
L (Xo, Z(£o, 0) ) == 2 (Xp, 0) — Z (a1, 0) — (To — T1) Zz (21,0) < 0, by the con- 
cavity of the curve z = 2(#, 0), while L(0, 0) == — z(z1, 0) + 2,22(a, 0) > 0. 
Since the tangent plane to S at the point (x, y) == (#,,0) contains the line 
L(x, z) == 0, y = 0, the assumption of (**), according to which the tangent 
plane of S at the point (a, 0,2(#,0)) of D° supports S, cannot hold unless 
that tangent plane is y = 0. But the latter case is impossible if r(>0) is 
sufficiently small, since V(0,0) == (0,0,1). This contradiction proves that 
N (£o, Yo) Æ N (0, 0). 

Since the proof of the last inequality depended only on the continuity 
of N and of the second partial derivatives of z at (x, y) = (0, 0), and since the 
continuity is uniform on g? + y? r°, it follows that N(x, y) s4 N(x(t), y(t) 
if r > 0 is sufficiently small and if (2, y), (v(t), y(t) ) are points of E*, F°, 
respectively. 

Let r>0 be fixed and so small that N(x, y) 4 N (a(t), y(t)) it 
(x,y) ~ (a(t), y(t)) is on the closure of E* and (x(t), y(t)) is on E’; 
cf. (4). Let 
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be an are of class C* in # such that («(0), y'(0)) = (0, 0), that (#*(¢), 2*(¢)) 
is in Æ* according as € 20, that H crosses (does not touch) Æ° at 
(x,y) = (0,0), and that dN (x(t), y*(t))/dt 34 dN (x(t), y(t))/dt (as to 
the last condition, note that a directional derivative of N at (0,0) can be 0 
only in the direction of principal curvature 0). 


If ¢> 0 is sufficiently small, then no point (2*,y*) of H* can satisfy 
N(a*, y*) = N(xc'(— t),y(— t)). In order to prove this, suppose, if possible, 
that the last relation is satisfied by a sequence of values t= t, 42," °° 
satisfying t,-> +0 as n—>%œ, where (xt, yt) = (En Yn) is In Æ*. Then 
N (Ens Yn) — N (0,0) as n —> œ, hence (tn, Yn) — (0, 0) by virtue of the above 
choice of r and E (r). Let (2*(tn), Y (tn) ) and (Zna, Yn) be joined by a smooth 
Jordan are J, contained in Æ+. Then the normal image of J, is a locally 
smooth (possibly self-intersecting) arc which has the same end points as does 
the normal image of that subare of K> on which — tn StS tan. When n is 
sufficiently large, these end points are on “opposite sides” of the arc which 
is the normal image of #°. On the other hand, the normal image of J, has 
no point in common with the normal image of #°. This leads to a contra- 
diction, since it can be assumed that the arc-length of J, and, hence, of its 
normal image, tends to 0 as n —> œ. 


What remains to be proved in order to complete the proof of (**) depends 
on the conclusions made by A. D. Alexandroff in Section 7, pp. 72-73 of his 
paper [1]; so that the balance of the proof of (**) will now be given only © 
for the sake of completeness. 


The plane T = T, tangent to S at a point (x, y) = (z(t), y'(t)) of 
E- must intersect S, since K(a#1(¢), y'(4)) < 0; cf, e g, [8], pp. 617-619. 
If —t<0 is sufficiently small, T; contains no points (a, y,2) of S, where 
(x,y) is on the boundary of Æ. For otherwise Ts, the tangent plane at the 
point (0,0,0) of 8, would contain such a point (£o, Yo). In view of (3), 
this would imply that N (a, Yo) = N (0,0) and that K (zo, Yo) 20. But 
this is impossible in view of the above choice of r and E = E (r). 

Since 7; contains no points of (z,y,2) of S at which (s, y) is on the 
boundary of E, there is a (connected) domain 8; on S which lies on one 
side of the plane T; and is such that its boundary points are on T, (the 
projection of S; on the (x, y)-plane is in Æ). Furthermore, 8; has a sup- 
porting plane parallel to T, and this supporting plane touches S; at some 
point (Zo; Yo, Zo). Clearly, K(x, Yo) 20. But K(x, yo) == 0 is impossible, 
since the normal images of the arcs Ẹ° and Æ? have only the point 
N = (0,0,1) in common, and K (2%, yo) > 0 is impossible, since N (2, Yo) 
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Æ N(x (— t), y*(—#)) for (£o Yo) in #* and ¢ <0 sufficiently small. 
Since this contradiction resulted from the assumption (4), it follows 
that dN/dt == 0, which proves (**). 
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ON CONTINUOUS AREA-PRESERVING AND LEGENDRE 
‘TRANSFORMATIONS.* 


By PHILIP HARTMAN and AUREL WINTNER. 


This note is concerned with minimal assumptions of differentiability for 
some classical theorems déaling with continuous, one-to-one mappings 


(1) Tı: u= u(x, y), v = (z, y) 
which are of the Legendre or “ semi-Legendre ” type. 


In what follows, all domains (1. e., open sets) are simply connected and, 
in fact, “small ” vicinities of a point. 


1. Area-preserving transformations. The first theorem to be proved 
is the following: 


(I) Let u==u(2x,y), v—v(x,y) be continuous functions on some 
(x, y)-domain. Necessary and sufficient in order that the transformation 
Tı: (x,y) — (u,v), defined by (1), has the properties 

' (i) TP; is one-to-one; 

(ii) u(z,y) is an increasing function of y for fixed x; 

(iii) T, is orientation-preserving ; 


(iv) T is area-preserving, 
is the existence of a function f = f (x,u) having the properties 


(x) f has continuous partial derivatives fo, fu; 

(B) f.(z,u) ts an increasing function of u for fixed x; 

(y) falz, u) is an increasing function of x for fixed u; 

(8) TT, is representable as the product T, = TT yt, where T, and T; 
are the respective (one-to-one) semi-Legendre transformations (x, u) — (2,4) 
and (x, u) — (u,v) defined by 


(2) Ta: C= 2, Y = fo( 2, U) 
and 
(3) Pai u= U, 0 = — fifa, u). 


# Received June 26, 1953. 
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This theorem is classical ([1]; cf. [4]) if it is assumed that u and v 
are of class C* (and, correspondingly, f is of class C?) and that (41) is replaced 
by uy > 0 and (8), (y) by fur > 0. 

If a function f(z, u) with the properties (g), (8), (y) is given, then 
(2), (3) and the relation 7, = 737.71 determine a unique transformation 
(1) with the properties (i)-(iv). Conversely, if (1) is given with the 

properties (ij-(iv) (on a simply connected (x, y)-domain), then an f satis- 
- fying («)-(8) is uniquely determined up to an additive constant. 


Proof of (I). Let (1) define a continuous transformation T, with the 
properties (i)-(iv) and let the inverse of T, be denoted by 


(4) T's: g= z(u, v), Y = y(u, v). 


Since u(z,y) in (1) is an increasing function of y for fixed æ, the 
equation u = u(z, y) has a solution y—y(2;u) for y. Let D denote the 
domain of definition of y(x; u) (so that D is simply connected). Clearly, 


(5) Ts: == v, y = y (2; u) 
defines a topological mapping (z, u) — (a, y). 


If y==y(z;u) is substituted into the second of the functions (1), 
there results a function v = v(az,y(@;u)) —v(r;u) of (x,u) on D.. The 
transformation 


(6) Te: u = u, v =v (£; u) 


is topological, since Ts = 7,7%. This shows that the property (ii) of the 
topological mapping T, implies that the inverse T, == 7,7 has the following 
property : 


(i) 2 ==2(u,v) is a strictly monotone function of v for fixed u. 


Actually, the monotone function v(z;u) of x is decreasing, since T, 
is orientation-preserving. For the fact that y(x;u) is an increasing function 
of u shows that T, is orientation-preserving and hence Te = T T; is also. 
But Te is orientation-preserving if and only if the monotone function v(z; u) 
of x is decreasing. 

Let R denote a rectangle 2, = £ =a, U S uS u in D. Let R; and 
Res denote the (x, y)- and (u, v)-images of R under T; and Te, respectively. 
Thus R, is a domain bounded by the two arcs y = y (T; U), Y = Y (T; Us), 
where 2, = x = 2, and two segments of the lines z == z, == £a and Re is 
a similarly described domain. Hence, the areas of R, and R, are given by 


"~ 
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the respective line integrals fy(x;u)dax, fv(z;u)du around the boundary 
of R. Since R is the image of R, under (1), the area-preserving character 
of T, means that 

(7) fy (x; u)dz— v(x; u) du = 0, 


where the line integral is taken around the boundary of any rectangle À the 
closure of which is in D. 

Since D is simply connected, there exists on D a function f(z, u), unique 
up to an additive constant, satisfying 


(8) fo(t,U) =y (25u), fu) =— o(s; u). 


Hence (2) is identical with (5), and (3) with (6). Clearly, f has the 
properties («)-(8). 

In order to complete the proof of (I), the converse of the statement 
just proved must be verified. Let f(x, u) have the properties (a@)-(y) on 
some domain D; so that T, and T; are continuous, one-to-one mappings of 
D onto (#,y)- and (u,v)-domains, respectively. Let (1) be the mapping 
(x, y) — (u,v) given by T,—7,.7T.". It must be shown that T, has the 
properties (i)-(iv). That T, has the property (i) is obvious; that T, has 
the property (11) is equivalent to the fact that f has the property (8) 
(cf. (2) and (5)); that T, is orientation-preserving follows from the fact 
that (8) and (y) imply that T; and T, are. 

There only remains the verification of the statement that T, is area- 
preserving. By reversing the reasoning based on (7), it follows that T, 
preserves the area of any domain of the type of R;. Since R; is the image 
under 7’; (= T) of a rectangle in the (x, u)-domain D, it is clear that the 
collection of sets À, forms a “basis ” for the additive set-function which is 
the area. Hence T, is area-preserving. This proves (I). 


2. Two lemmas. Condition (y) in (I) does not imply (8). For the 

function f(z, u) — zu has the partial derivative fẹ, = z", which is an 
‘increasing function of x, and the partial derivative fa = 82?u, which-is not 
an increasing function of u if æ—0. On the other hand, a weakened form 
of (y) does imply a weakened form of (B). 


Lemma 1. Let f(æ,u) be a function possessing continuous partial 
derivatives and let fy(x,u) be a non-decreasing function of x for fixed u. 
Then f.(x,u) is a non-decreasing function of u for fixed z. 


Proof. Let the segment z = zı, u, Su S u, be in the-domain D of 
definition of f(2,«). It will be shown that fo(æ:, u2) = fo(ti, w). Let 


90 PHILIP HARTMAN AND AUREL WINTNER. 


ta (> xı) be chosen so that the rectangle zı <r Z Lo, U E U = Us is in D. 
Put 
Q = f (T1, M) — f (Ta, Ur) + F(E U2) — f (Ti; Ue). 


The mean value theorem, of differential calculus, applied to the function 
f (£a, u) — f (21u) of u, shows that there exists a number u* satisfying 


Q == (fu (Ta; u*) PS fuf, u*)) (Ue 


The assumption that fu is a non-decreasing function of z implies that Q = 0. 
On the other hand 


Uy) and uy L UF < Up. 





OZ Q/ (22 — 21) — fo (21, U2) — fa (Tr, U1), AS Ly — T. 


This proves Lemma 1. 

It was noted in the proof of (I) that if (1) is-a continuous, one-to-one 
mapping and w(z,y) is an increasing function of y for fixed x, then, in the 
inverse mapping (4), the function z(u,v) is strictly monotone in v for 
fixed u; cf. (i). A corresponding fact holds if u(x, y) is only monotone 
(not strictly monotone). 


Lemma 2. Let (1) be a continuous, one-to-one mapping and let (4) 
be its inverse. If u—u(x,y) in (1) is a monotone function of y for 
fixed x, then s —æ(u,v) in (4) is a monotone function of v for fixed u. 


Proof. Since it is assumed that (1) is a continuous, one-to-one mapping 
of an (x, y)-domain onto a (u, v)-domain, the set of points u(x, y) == const. 
is either empty or is an open Jordan arc. In the latter case, let s = z(t), 
y = y(t), where 0 < < 1, be a parametric representation of this arc. If 
two points (#1, 41), (Tı, Y2), where y: > Yı, are on this arc, then the entire 
segment g == 2%, Yı = Y = y: is on the arc, since u is a monotone function 
of y for fixed x. This shows that either de(t) =0 or de(t) =0 for 
Z< t<i 

Since (1) is a topological mapping, v==v(z,y) cannot have the 
same value at two distinct points of the arc u= const. Hence either 
duo(s(t), y(t)) >0 or du(z(t),y(t)) <0 for 0<Ł<1. Thus, v can be 
used as a parameter on the arc u — const. and x is a monotone function of v. 
This proves Lemma 2, 


3. Semi-Legendre transformations. There will now be proved a 
theorem dealing with a semi-Legendre transformation of the type occurring 
in (2) and (8). 
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(II) Let z= 2(x,y) possess continuous partial derivatives on some 
(x, y)-domain and let 2,(2,y) be an increasing function of x for fixed y; 
so that 


(9) Ty: p= (2,4), y =y 

is a one-to-one mapping (x,y) — (p, y4). Then 

(10) g = xp —z, 

as a function of (p, y), possesses the continuous partial derivatives 
(11) Jp = T, Jy = — By. 


Proof. By virtue of 7’5, any segment p, = p = po, Y = Yı in the (p, y)- 
plane corresponds in a one-to-one manner to a segment % S&T S 2, 
y = yY, in the (2,y)-plane. For any function f of (p,y) or (x,y), let 
Af = f (Pz Y1) — F (Pu Y1). Then Az = p*Aa, where p*—2:(2*,y1) and 
Lı L TË <L Ta, Pı < P* < po. Hence 


Ag = pıAT + t:Ap — Az = %2AP + (pı — p*) AT < TAP, 
Ag = p2AT + tıAp — Az = %,Ap + (ps — p*) Ar > a, Ap. 





Since pa — pı implies Te — 2, it follows that Ag/Ap — x, as po—> pı Thus 
Jp exists and is +. 

Let p = p, be fixed in such a way that p(x, y) = p, is a non-empty set 
of points (x, y). This set is a Jordan arc with a parametric representation 
æ—#%(y). Let (2,71) and (Tə Y2), where y2 > Yı, be two points of this 
arc. For any function f, let Af = f (pı, Y2) — f (Pı Y1). Then Az can be 
written in the following two ways: Az = p*Az + q*Ay and Az = p°Az + g°Ay, 
where p* re, Za (2*, Yı), ‘3 Aa Zy (Te; y*) and p° == Za (T°, Y2); q° = y (21, y°); 
and æ*, 2° lie between x, and za, finally yı <y*, Y? < Ya Since py = Zg (T1, Y1) 
= 23(To, Y2) and since 2,(z, y) is an increasing function of v, it follows that 
pı = p* and pı = p° if t: = 2, and these inequalities are reversed if ts = t. 
Hence 





a= Rea A ee) 
Ag = pA — Az = — gAy + (pi — p*) At 


show that Ag/Ay is between — q* and —- 9°. Consequently, gy exists and is 
— q = — Zy(%, y). This proves (II). 


Remark. A part of-assertion (II) remains true if z(x,y) is a non- 


§2 PHILIP HARTMAN AND AUREL WINTNER. 


decreasing (instead of an increasing) function of + for fixed y. In this case, 
(10) remains a function of (p,y). For if B denotes the set of points (p, y) 
which are images of points (x,y) under T,, then the pre-image of a point 
(p*,y*) of B is a segment (open, closed, half-closed or a point) on the line 
y —y* in the (x, y)-plane. It is clear that g, as a function of (2, y), is 
constant on this segment, since 2(x, y*) is linear in x and 2,(2, y*) = p* is 
constant on that segment. Also, the first part of the proof of (II) shows that 


(12) 9 (Pos 91) — 9 (Po Y1) = (Pa — pr) a* 
holds for some point (2*, y,) on any segment of the line y == y, (in the (x, y)- 


plane) which is mapped onto the segment pi = p = po, Y = Yı under To 


The name semi-Legendre transformation for (9) is justified not only in 
the obvious manner but also by the following corollary of (II): 


(ITI) Let 2—2(x,y) possess continuous partial derivatives. Let the 
mapping To: (4, y¥) — (p,y), given by (9), and the Legendre mapping 
Tis: (2, y) — (p,q), given by 


(13) Ts: p = 2,(2, Y), q = 2ÿ(%, y); 


be one-to-one. Then the Legendre transformation T,, 1s the product 
Tis = TuTo of the (one-to-one) semi-Legendre transformations given by 
(9) and 


(14) l Tis: P= PQ = — Jy (P, y), 
where g is defined by (10). 


In order to see that (14) defines a one-to-one transformation, it is 
sufficient to remark that g,(p, y) = — q(= — zZz) is a strictly monotone 
funnction of y for fixed p. For, in view of the assumptions that Ti, is one- 
to-one and that p(s, y) is increasing with v, it follows that q is a strictly 
monotone function of y for fixed p; cf. the remarks preceding Lemma 2. 


4, Legendre transformations. ‘The following theorem will be proved: 


(IV) Let z= z(x,y) possess continuous partial derivatives on some 
(x, y)-domain and let the Legendre transformation Tia: (£, Y} —>(p, q) be 
one-to-one. In addition, suppose that either 


(15) Zp(%, y) is a montone function of v for fixed y 
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or 
(16) Ze(%, y) is a monotone function of y for fixed x. 
Then, as a function of (p,q); 
(17) h = ep + yq — z 


has continuous partial derivatives ; the transformation inverse to Ty, is the 
Legendre transformation 


(18) Tis: ©=No(p, 9), Y = ha(p, 4); 


finally, in the respective cases (15) or (16), 


(19) ha(p, q) is a monotone function of q for fixed p 
or 
(20) ha(p, q) is a monotone function of p for fixed q. 


Thus the relation 2—>h is involutory. 


It is understood that the sense of the monotony in (15), (16), (19) and 
(20) is independent of y, z, p and q, respectively. It is also clear that if it 
is assumed that the monotony in (15) is strict, then the monotony in (19) is; 
if the monotony in (16) is strict, then (20) can be improved to “ hp(p, q) 
is a strictly monotone function of g for fixed p.” : 

A -theorem corresponding to (IV) in which it is assumed that z is of 
class C? and that the Jacobian @(p, q)/0(@, y) = 2za%yy — Zay” is not 0 is 
classical. Also, if it is assumed that z is convex (instead of assuming merely 
that Z» is monotone with respect to one of its arguments), then (IV) is 
known ([2]; for a similar theorem, see [8], pp. 365-866). 

The particular case of (IV) in which it is assumed that z,(a,y) is a 
strictly monotone function of « for fixed y is contained in (JIT). 

It will remain undecided whether or not (IV) remains true if the 
assumption on the monotony of z, and the assertion on the monotony of hg 
are omitted. 


Proof of (IV). The theorem (IV) will first be proved under the assump- 
tion (16); say, p= Zs(£, y) is a non-decreasing function of y for fixed x. 
By Lemma 1, the function q == 2,(%, y) is non-decreasing in «x for fixed y. 


If the number p = p, is so chosen that the set of (x, y)-points p(s, y) = pı 
is not empty, then it is a Jordan arc. Let J be a closed subare of this are; 
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so that J has a parametric representation v == a(t), y = y(t), where h StS ty 
and dz(t) = 0. It will be shown that 


(21) f pdx + qdy = Az, 
J 


where Az = 2 (£a, Y2) —2(%1, 491) and Tp == £ (tr), Yr = Y (ir) Tor k= 1,2. 
The arc J is not stated to be rectifiable, but the line (or Stieltjes) integral 
(21) exists, since p is constant and g is a monotone function of ¢ along J. 

Consider a subarc of J. For convenience, it will be supposed that the 
end points of this subare are also denoted by (21, Y1); (2, Y2), Where £a = 2. 
Then 


(22) Az = p*Ag + g*Ay = p®Ax + g°Ay, 


Where p* = Z_(2*, yi), Q” == Zy (2, Y*) and p° = 2o(2", 41), Q = 2y(21, Y°), 
with 2, = 2*, à = 2, and with y*, y° between y, and ya. 

Since 7, is a one-to-one mapping, q(t) == 2,(@(t), y(t)) is a (strictly) 
monotone function of ż For the sake of definiteness, suppose that it is an 
increasing function. On the subarc under consideration, there is at least 
one value ¢* of ¢ satisfying y(1*) == y* (and, of course, 7(¢*) a2). Since 
g(x,y) is a non-decreasing function of x, it follows that g* = q(t). Hence 
qe = q(t") 2 q(t). Similarly, q°S q (t2). 

Thus (22) shows that, if Ay = 0, 


Az = p(t,) Aw + q(t1)Ay + (p* — p(t1)) Aa, 
Az = p (te) At + q(t) Ay + (p° — p (t2) ) Aa, 


and similar inequalities hold if Ay = 0. 

Consider a mesh on the arc J and the corresponding inequalities for each 
subare of the mesh. If the corresponding inequalities are added, there result 
the inequalities 


Az = f pdz + gdy + 0(1) + o(1)3 | Az |, 
J 


ac À pd + gdy + 0(1) +0(1)3| Ae, 
J 


where the o(1)-terms refer to the degree of fineness of the mesh tending to 0. 
The first o(1) in each of the inequalities is the difference between the integral 
and a suitably chosen approximating sum 3 (p,A*x + gyA*y). The second 
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o(1) in each of the inequalities depends on the degree of continuity of 
p= %(z,y). Since de(t) = 0 implies that 3 | Av | = za — vı, the relation 
(21) follows from the last two inequalities. 


An integration by parts, applied to (21), shows that 
Az = A (p + yq) — f ydq (dp = 0) ; hence Ah = { ydq (dp = 0), 
J J 


by the definition (17) of kh. Consequently, 6h/0q exists and is y. 


Since the conditions on 2,(%,y) and z(x,y) are symmetric by virtue 
of Lemma 1, it follows that (21) holds if J is a closed subarc on which 
q(x, y) = const. Hence ĝh/ðp exists and is x. 

Finally, if p, q are read in place of u, v in Lemma 2, it follows from 
(16) that z = h,(p, q) is a monotone function of q. Hence (20) is implied 
by Lemma 1. This proves the case (16) of (IV). : 

Assume that (15) holds ; for instance, that p = 2,(%, y) is a non-decreasing 
function of x for fixed y. if J is a closed are on which p(s, y) = pı, then J 
has a parametrization & = g (t), y = y(t), where h StS t, and dy(t) = 0. 
By an argument similar to that used above, it will be shown that (21) holds. 

First, the equations (22) hold, where z*, z° are between v, and z, and 
where y, = y*, YY S ye. Since pi = P (L1, Y1) = P (L2, Y2) and since p(x, y) 
is a non-decreasing function of æ for fixed y, it follows that p* = p, = p° 
or p* = p, = p° according as % = T1 Or Tı =a. Thus, if z: È Tı, 


Az = p(f)Az + q(t) Ay + (9* — g(t) ) AY, 
Az S p(t) As + q(te)Ay + (9° — q(t2)) Ay, 


and similar inequalities hold if z, S 2,. Since Ay = 0, it can be concluded 
that (21) holds. Consequently, 0h/0q exists and is y. 

It will now be shown that 0h/0p exists and is x. An integration by parts 
applied to the first term in (21) gives Az = A (prz) + J qdy (dp =Q). 
Since dy = 0, it follows that 


(23) A (pr — 2) = — q*Ay (dp = 0). 


where q* is the value of q = z, at some point of J. 
In view of the Remark following the proof of (II), it follows by (12) 
that the function g = pr — z of (p, y) satisfies 


(24) A (pu — z) = 2*Ap, "(dy =0), 
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where z* is the abscissa of some point of a line segment y = const. on which 
p varies from p, to pa (and Ap = p — pı). 

Consider two points (£1, Y1), (Sə Y2) of an arc q(x, y) = q, and let 
Pı = p (21, Y1) < P2 = P (£2, Y2). IË the two points are sufficiently close 
together, they can be joined by a path consisting of an arc on which p == p, ` 
and of a line segment on which y = y» and also by a path consisting of a 
line segment on which y = y, and of an are on which p = po. Correspondingly, 
(23) and (24) give 


A (zp — z) = — q* Ay + x*Ap = wo Ap — q'Ay. 


Since y is a monotone function of q for fixed p (that is, dy = 0 and Aq = 0 
on the arcs p = p, and p= #2), it follows that qı is between g* and q°. 
Hence Ah = qiAy + Alep — a) is between 2*Ap and 2°Ap. Consequently, 
0h/0p exists and is +. 

Since (19) follows from (15) and Lemma 2, this completes the proof 
f (IV). 
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ON THE NON-PERIODICITY OF THE ZEROS OF THE 
RIEMANN ZETA-FUNCTION.* 


By C. R. PUTNAM. 


In the half-plane o > 0 of the complex (z == e + tt) plane, the Riemann 
Zeta-Function, (2), can be represented as 


(1) ea) ee j} Le] —2) ade; 
0 
cf., e.g, [1], p. 14. The following theorem will be proved: 


(*) The sequence of the consecutive positive zeros of €(4 + it) does 
not contain any periodic subsequence. 


Here, by a periodic sequence is meant any arithmetical progression of 
the form | 
(2) . a, 2d,3d,:--, (d > 0). 


(Needless to say, the assertion of (*) remains valid if the word “ positive ” 
is replaced by “negative.”) The theorem states that every sequence (2) 
contains an infinity of elements which are not the imaginary parts of zeros 
of ¢€(z) on the critical line o—4. It should be noted that ¿(4 + i) 
possesses an infinity of positive zeros t, < ta <- - - (Hardy); ef. [1], p. 214. 
Moreover, one has even lim inf | tr.1 — ty | = 0, as k—>o. This follows from 
Selberg’s result that N(T) > const. T log T, where “ const.” denotes a positive 
constant and N (T) denotes the number of zeros of £(4 -+ tt) on the interval 
OSST; see [1], p. 226. 

Actually, the theorem (*) holds if the role of the line o = 4 is played 
by any line æ — const., whether or not the Riemann hypothesis is assumed. 
However, the assertion of (*) in this case is an easy consequence of the 
relation Ns(T) == 0(T) (Bohr-Landau), in which S > 4 and Ng(T) denotes 
the number of zeros o + tt of f(z) in the rectangle SSoSloSistf. 


Proof of (*). Another expression for €(z), easily deduced from (1), 
is given by 


(3) t(2) = E — 6 f 9(e)e tsar, Te. 
a” 9 
* Received July 11, 1953. 
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.where, for n = 1,2, >, 
(4) g(x) = (e — [e] j)er for logn Se < log(n +1). 
If z = o + it is a zero of f(z), it follows from (3) that 


(2z — 1)” = f g(a) etode, 
0 


and hence, 
(5) J 9(2)e0s (te) de — Gady (ety. 


In order to prove (*), suppose, if possible, that the assertion of the 
theorem is false; then there exists some number d > 0 such that, for 
m=1,2,---, the numbers z= 4 -+ idn are zeros of (2). Henceforth, it 
will be supposed that o==4. Next, extend the domain of definition of g(s) 
to —wo<2<o, by putting g(— gv) — g(x), O&S s <0, and define G(z) 
on —æo<z<co by | 


(6) G(x) = E g(e + 2ak/d), 


In view of (4), one has | g(xz)| S elti, —o < x <oo, and it is clear that 
the series (6) is uniformly convergent on any finite interval. Moreover, 
G(x) is periodic with period ?r/d, so that G(x + 27/d) == G(x). In view 
of the relation 


C 27/4 co | 
j G (x) citer = f g (x) gtdnz dy, 
0 ~- OD 


(see [2], p. 37), it follows from (5), where now o + it = À + idn, that, 
for n == 1,2, °°, 


2r/d 
f G(x) cos (dna) dt == — (+ + dn?) 
a 0 
and 


27/4 
f G(x)sin(dnx) dx =Q. 
9 


Thus, the Fourier coefficients of G(x) are O(n), hence o(m). Therefore, 
the function G(x) cannot possess a simple discontinuity; [2], p. 28. 

Let h > 0. Since g(a#-+0) (—limg(z+h) as h->-+0) exists for 
all æ, it follows from the uniform convergence of the series (6) that 
G(s + 0) exists; similarly G(z—0) exists. Next, it will be shown that 
G(x +0) — G(z—0) <0 for at least one value of x, in contradiction 
with the assertion at the end of the last paragraph. 
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In order to show this, let x = log m, where m = 2 is an integer to be 
determined later. Then 


Gog m + h) — Glog m — h) = glog m + h) — g(log m — h) 
(7) 
+ 2 lg (log m + 2ak/d + h) — g (log m + 2xk/d —h)]. 


Since, by (4), g(log m + 0) — g (log m—0) <0, and since the jumps 
g(x +0)—g(z—0), which occur only at the values z == + logn, n = 2, 
3,° °°, are positive or negative according as z = — log n or z = log n, it is 
clear that it is sufficient to show that m can be chosen so that 


(8) log m + 2ak/d ~A— logn (k == + 1, + Bee nmm, 83 se) 


(If (8) holds, then none of the terms of the summation of (7) can make 
a positive contribution as h—> + 0.) Thus, it is enough to show that, for 
some integer m = 2. 


(9)  2ak/d log(mn) holds for k—1,2,---:n— 2,8, 


Suppose though, if possible, that (9) fails to hold for every integer 
m=2. Then, if m—m;ZR (7 = 1,2) denote arbitrary integers, there 
exist integers k = k; = 1, n= n; 222 such that 2rk;/d = log(mn;) and 
hence (mon) = (mini). However this last equality must fail to hold, 
a contradiction, provided only that m, and m, are chosen so that ms is _ 
relatively prime both to m, and to n, (note that n, depends only ori m:). 

Hence (9) must hold for some integer m—m = 2 and therefore 
G(x + 0) —G(«#—0) < 0 for z= log m. As pointed out above, this leads 
to a contradiction and the proof of (*) is now complete. 


PURDUE UNIVERSITY. 
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A GENERAL THEORY OF RADICALS.* 
IT. Radicals in rings and bicategories. 


By S. A. Amirsur. 


In the introduction of part I ({1])* we have pointed out the relation 
between some of the well known radicals of rings and properties of rings 
which are invariant under homomorphisms (compare [8], Theorem 2). The 
object of the present paper is to give an axiomatic foundation of these radicals. 
If «+ is a property of rings, we generally mean by a w-radical of a ring R a 
unique maximal ideal N of R possessing the property 7 and such that the 
quotient R/N does not contain non-zero z-ideals. The main properties which 
a radical is generally required to satisfy is: the existence in every ring; the 
radical of an ideal A should be the intersection of A and the radical of the 
whole ring; the radical should contain also one-sided ideals; the radical of 
a matrix ring over a ring À should be the matrix ring over the radical of R. 
Necessary and sufficient conditions for these results to be satisfied by a property 
m are given, among which the most important is the fact that m should be 
invariant under homomorhpism. If only this condition is imposed on r 
(and another of far less importance) one can obtain generalizations of Baer’s 
Lower Radical ([5]). Some methods of constructing properties which yield 
radicals from non-yielding-radicals properties are given in section 7 and 8. 
This method will be applied to prove some new results about some known 
radicals, in particular Baer’s Radical. 

The most important tools in studying this homomorphic-type radicals 
are undoubtedly the main two Isomorphism Theorems. This is the reason 
why the whole theory (except some particular ring-structure problem, e. g. 
radicals of matrix rings) can be developed in quite a general class of bicate- 
gories, namely : the lattice ordered bicategories, in the sense of MacLane ([7]), 
which contain a zero element and which satisfy some additional axioms. In 
particular, the theory will hold for a big class of abstract algebras containing 
rings (associative or non-associative), semi-groups, groups, loops, etc. The 


* Received September 10, 1952; substantially revised March 7, 1953. 
t The results of part I ([11) will be quoted by the number I followed by the nota- 
tion of the result quoted, e. g. definition I. 1 mean definition 1 of the paper [1]. 
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greatest part of the present paper deals only with rings (not necessarily asso- 
clative) since the main applications will be for the theory of rings. Never- 
theless, in section 8 we give a list of conditions to hold in bicategories so that 
the theory developed in the preceding section will hold for them. 

The last section is devoted to the study of the relation between the 
theory of radicals as developed by B. Brown and N. H. McCoy in [3] and [4] 
and the present theory. The type of radical dealt with by these authors con- 
stitutes an important class of the radicals whose theory is developed here. The 
incorporation of their theory and the present theory yields a slight extension 
of the results of [3] but nevertheless it makes use of Zorn’s lemma which 
was avoided in [3]. 


1. HE- and Ri-properties. In the present section we restate some of 
the main results of part I ({1])* in the language of ideals and homomorphisms 
of rings. This is obtained by applying the results of that paper to the lattice 
of all ideals of rings. These restated results are needed for further appli- 
cations and for a simplification of the theory developed in the preceding 
paper when applied to rings. 

Let + be a property of ideals in rings. By a r-ideal we mean an ideal 
which possesses the property =. 

The sequence of ideals Un = U (E) is defined as follows: 


1) Uo <= 0. 

2) Uy = Uva, for limit ordinals A. 

8) For non limit ordinals A, U, is the union of all the ideals A of R 
such that A/U) is a w-ideal in R/U)... | 


The ideal 1) is known as the A-th (r-} radical of R The upper r-radical 
U(E, r) —U(#) of R is defined to be the limit ideal of this sequence; 
namely the minimal ideal UY such that Uy =U)... The following notions 
are fundamental: 


a-semt simple: a ring À which does not contain non-zero 7-ideals. 
w-ideal: an ideal P in a ring À for which the quotient R/P is r-semi 
simple.? 


r-radical: an ideal N in a ring À which is both a r- and a 7-ideal in R. 
That is, N is a +-ideal and the quotient R/N is r-semi simple. 


3 These ideals correspond to radical ideals in the sense of Baer [5]. 
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A property x of ideals will be called an HI-property if m satisfies the 
following two conditions: 


+ 


(1A) The zero is a m-1deal. 
(1B) Every homomorphism maps xv-ideals onto m-tdeals. 


For a property r of ideals, we define a relation r in the lattice of all 
ideals of a ring À as follows: let A and B be two ideals in Æ. Using the 
notation of part I ([1]), we write A r B if À D B and A/B is a w-ideal in 
R/B. Since the lattice of all ideals of a ring is known to be complete, the 
results of part I ([1]) can be applied to this lattice in view of the following 
fundamental lemma: 


Lemma 1.1. If ris an HI-property then the relation + defined in the 
lattice of the ideals is an H-relation in the sense of definition I. 1.1 


Indeed, conditions I. (A) and I. (B) of [1] are evidently satisfied. To 
prove I. (C), we consider three ideals A, B, C in À such that Ar B and 
CB. The homomorphic mapping of R/B onto R/C maps A/B onto 
AU C/C; hence by (1B) it follows that A U C/C is a ose in B/C. Thus 
(A U Chr C, q.e. d. 

The application of Theorems I. 1.2, I. 1. 1, I. 1.3, and Corollary I. 1. 4 
yields 


TH£OREM 1.1. If ~ is an HI-property then the intersection of any set 
of w-tdeals of a ring E is a x-ideal; the intersection of all #-tdeals of R, which 
is the minimal w-ideal, is exactly the upper x-radical U(R) of R. Further- 
more, if a w-radical N of R exists, then N —U(R) and N is uniquely 
determined as the maximal +-ideal of R. 


In the latter case N is called the x-radical of R and will be denoted 
by T(E). 
Properties for which the z-radical always exists must satisfy: 


(1C) For every ideal A in a ring R which is not a r-ideal, there exists 
an ideal BCA such that there are no non zero -ideals in R/B contained 
in À/B. 


Properties which satisfy the three conditions (1A), (1B) and (1C) will 
be called RI-properties, and for these properties we have by Theorem I. 2. 1: 


: THEOREM 1.2. Let x be an HI-property, then a necessary and suficient 
condition that the x-radical exists in ever y ring is that x be an RI-property. 


A GENERAL THEORY OF RADICALS. II. = 103 


As a consequence of Theorem I. 2.2 we obtain the following fundamental 
result concerning AI-properties: 


THEOREM 1.3. The union of any set of m-ideals is a r-ideal. 


The conditions of Theorem I.2.3 can be simplified in the present 
application as follows 


THEOREM 1.4. Jf ats an HI-property then the following two conditions 
are equivalent to (1C) 


(1C:) If A DB are ideals in R such that B is a x-1deal in R and A/B 
is a n-ideal in R/B, then A is also a r-ideal in R. 


(1C.) If AGAC- is q non decreasing well ordered sequence 
of w-tdeals then the union U A, ts also a r-1deal.f 


This theorem is a consequence of Theorem [.2.3 since (1C,) implies 
I. (Dı) and (1C) implies I. (Dz). Indeed, if A r B and B rC in the lattice 
of ideals of À then, by (1B), (A/C)a(B/C) in the lattice of ideals of R/C 
since (A/C)/(B/C) = A/B. Applying now (1C;) to the ring B/C we 
obtain À r C, which proves I. (D,). Similarly, if BCA,CA,C--- isa 
sequence of ideals in R such that A» r B then applying (1C.) to the ring R/B 
we see that U (A,/B) is a z-ideal. Now, U(A,/B) = (UA,)/B. It follows, 
therefore, that (U A,)azB which proves I. (Dz). 

The homomorphism invariance of + immediately yields the following 
results: 


THrorem 1.5. 1) Let Ÿ be an isomorphism between R and RŸ, then ð 
induces a one to one correspondence between the w-ideals of R and Rè. 
€ 


Hence, 

2) The isomorphic images of x-semi simple rings are a-semi simple. 
We are now able to prove: 

THEOREM 1.6. A subdirect sum of m-semi simple rings is r-semi simple. 


Indeed, if À is a subdirect sum of w-semi simple rings {R,} then 
0 — N A, where A, are ideals in Æ such that R, = #R/A,. From the pre- 


8 In the proof of the equivalence of these conditions the well-ordering theorem is 
used. One can use Zorn’s lemma instead by replacing (1C,) by the requirement that 
the union of every linear system of r-ideals is a r-ideal. 
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ceding theorem it follows that A,r R % in the lattice of ideals of R. Hence, 
by Lemma I.1.3 it follows that 07% which evidently means that À is 
7-semi simple. 

Thus, Theorem I. 1.5 yields: 


THEOREM 1.7. If the kernel 0 of the homomorphic mapping of R onto 
Rò? is contained in the upper r-radicai U(R), then U (R?) = U(R)?. 


In particular, if ? is an automorphism we obtain: 


COROLLARY 1.1. U(R) is invariant under the group of automorphisms 
of R. 


Example. For associative rings, properties like regularity, strong regu- 
larity, and +-regularity * are HI-properties. The property of quasi-regularity 
is an example of an Æ]-property. 


2. Ring properties. The rest of this paper deals with a less general 
class of properties. We consider henceforth only properties of rings (not of 
ideals in rings!) ; thus nilpotency of associative rings is such a property. 

By a a-ring k we shall mean a ring À which possesses the property 7. 
A ring-property ~ is turned into a property of ideals in rings by defining a 
a-ideal to be an ideal which is also a a-ring. 

In contrast with the properties of ideals considered in the preceding 
section, the ring properties m have the characteristic that if A is a -ideal 
in some ring À then A remains a r-ideal in every ring containing A as an 
ideal. This fact yields some modification of the conditions of the preceding 
section. 


For the convenience of the reader we give here a list of all conditions 
which will be used in the present paper: 


(A) The zero is a a-ring. 
(B) Homomorphic images of r-rings are 7-rings. 


(C) Every non z-ring is homomorphic to a non zero r-semi simple ring.® 


«The notation # is used here in the sense of section I.1. That is: BFA means that 
A D B and the quotient A/B does not contain non zero z-ideals of R/B. 

5 For definition see e.g. I. Kaplansky, “ Topological representation of algebras IT,” 
Transactions of the American Mathematical Society, vol. 68 (1950), p. 67. 

° This amounts to the fact that every ring which is not a -ring properly contains 
a 7-ideal. 
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(D) All ideals of a 7-ring are #-ideals. 
(E) All ideals of a -semi simple ring are 7-semi simple rings. 
For simplification we introduce the following names: properties which 
satisfy (A), (B) will be called H-properties (homomorphism invariant 
properties). If (A), (B), (C) are satisfied, the property will be called an 
R-property (a radical-property). H-properties which satisfy (D), (E) will 
be called SH-properties. If all conditions are valid, the property will be 
called an SH-property. i 

The following two conditions will be seen to be equivalent to (C): 


(C,) (Transitivity) If A is an ideal in À such that R/A and A are 
r-rings then À is also a +-ring. 


(C2) If 4C4:C::: is a well-ordered sequence of 7-ideals then 
U A, is a r-ideal. | 


For problems relating to one sided ideal and subrings we shall need the 
following conditions (section 3): 


(D,) Every right ideal of a x-ring is a a-ring. 

(F,) -semi simple rings do not contain non zero right w-ideals. 
(D,) Every subring of a a-ring is a a-ring. 

(F;) r-semni simple rings do not contain non zero +-subrings. 


For determining the radical of a matrix ring À, over a ring R, we shall 
need the following conditions (section 4) : 


(G,) If Eis a r-ring then so is En. 

(Ge) If R is -semi simple then so is Ry. 

Two more conditions of a less general nature will appear in sections 6 
and 8. 

The classes of H-properties and À-properties defined above are subclasses 
of the HI-properties and #I-properties respectively as will be shown in the 
following lemma: 

LEMMA 2.1. 1) An H-property is an HI-property. 

2) R-properties are also RI-properties. 
Before proving the lemma, we note that (C,) is readily seen to be 


equivalent to condition (1C;) of the preceding section, and (C,) is exactly 
the condition (1C:). j 


& 
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The proof of (1) is evident. To prove (2) we shall show that if m is 
an H-property, then a necessary and sufficient condition for the existence of 
the 7-radical is that + satisfies (C); and thus the proof of (2) will follow 
by Theorem 1.2. To this end we observe that if ~ is an H-property whose 
r-radical always exists then the quotient ring modulo this radical satisfies 
(C); and hence r is an À-property. Now suppose that r is an &-property. 
Let A D B be two ideals in a ring R such that A/B is a a-ring in B/B and 
B is a r-ring in R. Consider À as a ring; if it were not a r-ring then, by (C), 
A would properly contain a w-ideal D. Since B is a r-ideal it follows, by 
Lemma I.1.2, that DDB. In view of the fact that (4/B)/(D/B) = A/D 
it follows that D/B is also a F-ideal in A/B; but A/B is a w-ring, hence 
D 2 A. This is a contradiction, which proves that satisfies (1C,). To 
prove that r satisfies (1C.), we consider a well ordered non decreasing sequence 
of w-ideals A, CA,C-+-:. If A —U À, is not a r-ideal, then considering 
A as a ring we would obtain, by (C), the existence of a #-ideal D properly 
contained in A. Since A, is also an ideal in A, it follows by Lemma I. 1. 2 
that D D A, Hence D D U À, = À which is a contradiction. The rest of 
the proof follows now immediately by Theorem 1. 4. 

An immediate consequence of this theorem is that H-properties 7 yield 
lower w-radicals and À-properties yield a-radicals, which have the properties 
of the radicals of the preceding section. 


The ring-properties satisfy also the following theorem: 


THEOREM 2.1. If a is an H-property, then U(S) 2 U(R) for every 
subring S which contains U(R). 


The proof will follow by showing inductively that U(S) D U;(R), where 
U(E) is the A-th r-radical of A. Indeed, since 0C 8, U(S) D U(R). 
Suppose 7(S) D U,(R) for every vy < À For a limit ordinal à, it is evident 
that this implies that U(S) D U)(R). 

If À is a non limit ordinal and P/U- (R) is a r-ideal in B/ D (B), 
then since SDU(R) D U(E) DP, P/Ux1(R) is also a w-ideal in 
S/Ux:(R) ; hence U (8) P. By the definition of U (R) it follows now 
that U (8) D U(E). 

In particular, if § = U (R) we have: 


COROLLARY 2.1. U(U(R)) —U(R). 


Consider now the set of all subrings of a ring R. This set is turned 
into a complete pseudo-lattice, in the sense of definition I. 4, by defining a. 
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relation: À = B, between subrings, if B is an ideal in the subring A.’ The 
intervals [B, A] of this complete pseudo-lattice can be indentified with the 
complete lattice of the ideals of the quotient A/B. Let x be an H-property ; 
as before, this property determines a relation + in this pseudo-lattice, 
Condition I. (C,) of section I.3 is readily seen to be a consequence of the 
first isomorphism theorem and Theorem 1. 5. Thus ~ determines an H- 
relation in the complete pseudo-lattice.- Stating Theorem I.3.1 for the 
present case we have 


THEOREM 2.2. Let m be an R-property. A necessary and sufficient 
condition that r(A) = À Nr(R) for every ideal A is that x be an KR- 
property, i. e. m should satisfy the five conditions (A), (B), (C), (D) and (E). 


The first isomorphism theorem together with (B) imply that SR- 
properties satisfy the conditions of Theorem I.4.1. Hence, 


COROLLARY 2.2. The mapping A—>1(A), where r(A)/A ts the r-radical 
of R/A, is an idempotent meet-homomorphism of the lattice of ideals of R. 


Another result is that H-properties which satisfy (D), satisfy the con- 
ditions of Theorem I.5.2. Thus, each of these properties determines a 
dual radical. 


We conclude this section with proving the necessity of the conditions 
(A)-(E) for the existence of the radical. That is: 


THEOREM 2.3. Let x be an tsomorphism invariant property of rings. 
Then: 


1) If every algebra R contains a maximal «-ideal r(R) such that r(R) 
is the minimal ideal P in R with the property that R/P is r-semi simple, 
then x is an R-property. 


2) If the preceding ideal a(R) satisfies: (A) = À Nr(R) for every 
ideal Aina ring R then a is an Sk-property. 


Proof. Since «(0) = 0 for the zero ring, it follows that r satisfies (A). 
To prove (B), let R be a +-ring and let R’ be a homomorphic image of R. 
Denote by N the origin of (Æ) in À. Note that the isomorphism invariance 
of m implies that isomorphic images of w-semi simple rings are also w-semi 
simple. Applying this fact to the case R/N = R’/w(R’), where the latter is 
+-semi simple by the condition of the theorem, we obtain that R/N is 7-semi 


7 This is the pseudo-lattice given as an example in section I. 3. 
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simple. Hence, by the assumption of the theorem, N  w(f). Since k is a 
r-ving and (R) is the maximal r-ideal of R, r(R) = R == N, which proves 
that NV =-7(R’) =f’. Thus À’ is a z-ring and (B) is proved. By now r 
has been proved to be an H-property, hence by the proof of Lemma 2.1 it 
follows that + is an f-property. The rest of the theorem follows now 
immediately from Theorem 2. 2. 


3. Subrings and one-sided ideals. The present section deals with the 
relation between the upper 7-radical (R) of a ring E and its one sided 
ideals. We shall deal only with right ideals. 


THEOREM 8.1. If ris an H-property of rings, then the upper r-radical 
U(R) of every ring R contains every right r-ideal of R if and only if w 
satisfies : 


(F,) Every x-semi simple ring does not contain non zero right r-ideals. 


Put U—U(R). Let J be any right r-ideal of R. J/J N U is a homo- 
morphic image of J, hence it is a a-ring. This immediately implies that 
JUU/U is a a-ring, and, therefore, a right z-ideal in R/U. The r-semi 
simplicity of the latter and (F,) shows that U 2 J. 

The necessity part of this theorem is a simple consequence of the appli- 
cation of the result to the case U (R) == 0. 

Another result for these properties is: 


THEOREM 8.2. If ris an R-property satisfying (Gr) then the union of 
any set of right w-ideals is also a right r-ideal. 


Let {J,} be a set of right r-ideals of À. Put J =U J»; each J, is also 
a right r-ideal in J, hence m(J) Jy. This implies (J) D U J, =J which 
evidently means that J is a r-ring, 

Thus, 


COROLLARY 8.1. If «is an R-property satisfying (F,) then x(R) is the 
unique maximal right r-ideal of R. 


The same methods yield similar results for left ideals under a similar 
Condition (F;) imposed on left ideals. Furthermore, the same methods yield 
similar results for subrings. Namely: 


THEOREM 3. 3. 1) If ~ is an H-property which satisfies: 
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(F4) Every m-semi simple ring does not contain non zero an-subrings, 
then U(R) contains every a-subring of R. 


2) If ~is an R-property of this type, then the union of every set of 
a-subrings is a x-subring and m(R) is the maximal a-subring of R. 


In some cases the following is useful in proving the validity of (F;). 
Denote by L(R) the ring «of all linear transformations of R: a: ax, 
agek. Then:’ 


Lemma 8.1. A property m satisfies (F,) if it satisfies the requirement 
that for any right r-ideal J in R, the iwo sided ideal Q(R)J is a r-ideal. 
This requirement is also necessary tf x is assumed to satisfy (D). 


Indeed, if the requirement of this theorem is satisfied and À is w-semi 
simple, 2(2)J —0. This means that J is two sided, and since it is a,r- 
ideal, it follows that J = 0, q.e.d. The necessity part follows immediately 
by (D) and by the fact that r(R) D J implies r (R) 2 Q(K)J. 


4. The radical of matrix rings. The present section deals with the 
relation of a radical of a ring À and the radical of a matrix ring over À. We 
use the notation Ra for the ring of all square matrices of order n on À, and 
Ry for the ring of finite-rowed infinite matrices (or finite columns). We prove: 


THEOREM 4.1. Let x be an H-property of rings. Then U(R,) = U(R): 
for every ring R if x satisfies the following conditions: 


(G:1) If Ris a a-ring then so is Ry. 


(G2) If Ris a a-sems simple ring then so is also Ry. 


Proof. Consider the sequence J, == U,(&) of the A-th r-radicals. Put 
Un = (Uy)n. Our first step in the proof is to show inductively that 
U(R),2 Uy, For A=0, this is evident. If À is a limit ordinal, 
U(R),»— Un is a simple consequence of the induction and of the fact that 
Orn = (Ure rU r)a = Uv<aUm Let À be a non limit ordinal and assume 
that U(R) D'Ux1» If P is an ideal in À such that P/U), is a w-ideal, 
then by (G,) it follows that (P/U 1)» is a w-ring. Since + is an H-property 
this implies that P,/U)4 n is a w-ideal in Ba/U)-1 n; hence, by Theorem 1. 7, 
it is readily seen that U (Ra) D Pa This being valid for every such P yields 
that U(R,) 2 U Pi (U Pi Uwm g.e.d. It follows now by Theorem 
1.1 that U(R,) D'U(R), Since R,/U(R),= (R/U(R)), and R/U (R) 
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is r-semi simple it follows by (G2) and by Theorem 1. 1 that U(B), D U(B)». 
Thus U (Ra) = U (R)n. | 


Remark 4.1. If v is an R-property then (G,) and (Gz) are also neces- 
sary conditions for the validity of the preceding theorem, since then (G) 
is the assertion of this theorem for (À) — À and (Gz) is the assertion for 
a(R) = 0. 


As an immediate consequence of (G,) and of the fact that r (E)n = r (En) 
== R, for r-rings R, we obtain: 


COROLLARY 4.1. If ris an B-property which satisfies (G) and (G2) 
then R, 1s a a-ring if and only if B is a a-ring. 


The converse of this corollary is generally not true. But suppose x is 
an À-property which satisfies (D) and the condition of the preceding corollary ; 
then (G) must hold. If not, there exists a z-semi simple ring À such that 
Fn contains a non zero +-ideal A. Consider the ideal in À, generated by the 
matrices p(aq), (pa)a, p,geR, and ae A. This ideal is contained in A, 
hence by (D) it is a w-ideal. One readily observes that this ideal equals P,, 
where P is the ideal in R generated by the elements: r(st), (rs)t, where 
t, re R and s range over all the elements of R appearing in the matrices of A. 
Since À is -semi simple it follows by the condition of the corollary that 
P—0. In particular this yields: 


THEOREM 4.2. If x is an R-property which satisfies (D) and the 
condition that a #-semi simple ring R cannot contain a non zero ideal P 
such that R(PR) = (RP)R =0, then (Gi) and (G) are equivalent to the 
condition that En is a a-ring if and only if R is such. 


Note that in the whole section no use was made of the relation between 
the two operations of the rings. Hence the preceding results hold also for non 
associative and non distributive rings. 


5. Dependence of conditions. The conditions listed in section 2 are 
generally independent, but not if one restricts oneself to particular classes of 
rings. The object of the present section is to show that in the case of 
associative rings condition (E) is superfluous. 


Lemma 5.1. Let w be an R-property of rings (not necessarily asso- 
ciatwe). If Q ts an ideal in a a-semi simple ring R such that Q? — 0 then 
Q is also m-semi simple. 


| 
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Proof. Denote by T(E) the ring of all transformations of the additive 
group of À generated by the identity and by the transformations a,: æ— xa, 
a: æ—>ax, ae R. Suppose that Q contains a -ideal P in Q. For every 
7€2(R) the totality of the elements pr, pe P constitutes an additive sub- 
group of Q. We note that since Q?— 0, the ideals of Q are its additive 
subgroups. Now the mapping p — pr defines a homomorphism of the additive 
group P onto Pr and, evidently, this is also a homomorphism of the ideal P 
onto the ideal Pr; hence condition (B) implies that Pr is also a r-ideal in Q. 
By Theorem 1.3 it follows that the union P* of all the ideals Pr,re2(#), 
is a w-ideal in Q and, therefore, it is also a w-ring. The set P* is readily 
seen to be an ideal in R. Thus the z-semi simplicity of R implies that P* — 0 
which proves that P == 0, q. e. d. 


THEOREM 5.1. If ris an R-property of associative rings which satisfies 
condition (D), then x satisfies also (E), 1.e. x is an Sk-property. 


Proof. Let & be a +-semi simple ring and let P be an ideal in R. If Q 
is a w-ideal in P then POP C Q, and it is a z-ideal in R by (D). By the 7-semi 
simplicity of R it follows that PQP = 0. Let P, = {x|æeP,Px— 0}; then 
P, is an ideal in È such that P?=—0. Since QPC QAP, Q, it follows 
by (D) that Q N P, is a w-ideal in P,. 


Thus the preceding lemma implies that P,NQ=QP=0. Let 
P,== {x | xe P,P = 0} then P; is an ideal in R such that P?,—0. Since 
Q C P; the preceding argument yields that Q — 0 which proves (E). 


Remark 5.1. If one restricts oneself to associative rings possessing 
| operators and considers only admissible ideals, then the same proof is valid 
also in this case, with the additional remark that in the proof of the first 
lemma one should note that if P is admissible each of the ideals Pr and also 
P* is admissible. In the proof of the preceding theorem, one has to note 
that together with P and Q, also POP, QP, P, and P, are admissible ideals. 


Remark 5.2. At the end of this paper we point out algebraic structures 
to which the theory of radicals can be extended, except for the parts which 
depend on ring operations. It is worth remarking at this stage that the 
theory can be developed without any changes for semi-groups (with or without 
operators) and in particular this section will hold for associative semi-groups. 


6. Z-properties. Many of the properties of rings which yield radicals 
are properties which satisfy the following condition: 


(Z) Every zero ring, 1. e. a ring R such that R? == 0, is a w-ring. 
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A great deal of the theory can be simplified if (Z) is assumed. This is carried 
out in this section. 

H-properties and #-properties which satisfy (Z) will be referred to as 
HZ-properties and RZ-properties respectively. 

Condition (Z) itself can be chosen as a definition of a new ring property 
in the following way: a ring À is a €-ring if #*=-0. This property is 
evidently an HZ-property and yields, therefore, an upper ¢-radical. For 
asociative rings this radical is well known as Baer’s Lower Radical defined in 
[5]. Additional results on this radical will be given in a subsequent paper. 


THEOREM 6.1. If w is an HZ-property, then the upper 7r-radical 
U(R) 2 E(k). 


This is an immediate consequence of Theorem I. 1. 6. 

One readily verifies that the converse of the preceding theorem holds for 
f-properties 7. That is: if (R) D £(R) for every ring À then ~v is an 
R£-property. The ÆZ-properties satisfy the following famous property of 
radicals. 


THEOREM 6.2. If x is an HZ-property of associative rings, then an 
element re R belongs to U(R) if and only if RrR CU(B). 


Proof. Let Q={«|aeR,RrR CU(R)}. Then Q is an ideal in R 
such that QC U(#). The natural homomorphism of È onto R/U (R) maps 
Q on a nilpotent ideal of R/U (R). By (Z) it is readily seen that +-semi 
simple rings do not contain nilpotent ideals, hence Q C U (R). 


The property (Z), when satisfied together with conditions (D,) and (F,) 
of section 4, yields the existence of the radical of a matrix ring: 


THEOREM 6.3. Let «x be an RZ-property which satisfies ae ) and (F;) 3 
then a(Ry) = r (R) 


Proof. Let À be a w-ring and let {c} be a matrix unit base of Ra. 
Denote by R®) the ring of all one rowed matrices: {rie +: © © + rc}. 
This ring contains the two sided ideal P of all the matrices rocio + * +: + rocim 
and P? = 0. The quotient R®/P = Re,, and the latter is isomorphic with R. 
Since À is a r-ring and P is a r-ideal, by (Z), it follows by (C1) that R is 
also a +-ring ; hence R® is a right z-ideal in Ra. Similarly each of the right 
ideals RY = {you +: + Cin}, t= 1," :,n is a right w-ideal in Ry 


s By Theorem 5.1 it follows that r is also an SRZ-property. 
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Since R, is the sum of all these ideals, it follows by Theorem 8.2 that R, is 
a w-ring, which proves (G,) of section 4. Conversely, let #, be a +-ring. 
By (D,) it follows that the right ideal R@ is a w-ring. As it has already 
been pointed out the latter is homomorphic with £, hence by (B), Æ is also 
a-ring. The theorem follows now immediately by Theorem 4. 1 in view of 
the facts that RZ-properties satisfy Theorem 4.2 and that (D,) implies (D). 


One readily observes that the theorems used above do not require the 
finiteness of n and we may similarly obtain: 


THEOREM 6.4. If m is an RZ-property which satisfies (D,) and (F,) 
then r(R);—=#(R;), where, e.g. R; denotes the ring of all fimie matrices 
over R or the ring of all finite rowed matrices over R. 


THEOREM 6.5. Let x be an RZ-property of associative rings which 
satisfies (D,) and (F,). Then the r-radical of a right ideal J is the set 
J, = {x | ved, aJ Cr(R)}. 


Proof. Evidently J, is an ideal in J. Since JJ,J C r(E) it follows by 
(D,) that JJ, J is a right w-ideal; hence JJ, J C r(J). It follows now, by 
Theorem 6.2, that JC w(J). Now w(J/) is a two sided ideal in J, hence 
by (D) we obtain that z(J)J is a a-ring. This means that r(J)J is a right 
w-ideal in R, which implies by Theorem 3.1 that m(J)J Cw(R); hence 
a(J) C Jr thus a(d) = Jr. 


In particular, if R is w-semi simple we obtain: 


COROLLARY 6.1. The #-radical of a right ideal in a +-semi simple ring 
is tts lefi annihilator. 


A short cut in the proof of existence of the r-radical can be obtained 
for properties of associative rings which satisfy (D) with the aid of the 
following theorem : 


THEoREM 6.6. If m is an HZ-property which satisfies (D) and the 
condition that every non a-ring is homomorphic to a non zero ring which 
does not contain non zero right rideals, then + is an RZ-property which 
satisfies (K,). | 


Evidently the condition of this theorem implies the validity of (C) 
which proves that + is an RZ-property. To prove (F,), let À be a w-semi 
simple ring and let J be a right r-ideal in E. If J 40, Jo = (J, Ed) is a 
non zero ideal in À which is not a r-ideal. Therefore, Jọ is homomorphic 
with a non zero ring Jo/Q which does not contain right r-ideals. Thus 


8 
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JC Q. This yields J?) = (J*, JRJ, RJ’, (RJY) CQ, since Jo CQ and 
(RJ)? C (RJ) J CJA CQ. Hence J,/Q is a a-ring. Contradiction! 


7. Constructing new properties. Jet be any property of rings. The 
only restriction imposed is that the zero ring should be a w-ring, namely, 
that + satisfies (A). This property gives rise to an H-property by defining: 


DEFINITION 7.1. A ring Ris to be called a r,,-ring if every homomorphic 
image of R (including R) is a x-ring. 


One readily observes that rn is now invariant under homomorphism and 
satisfies (A). That is r, is an H-property. If one starts from an H-property | 
a, the new property wp is the same as m; this implies (a,); = Th 

In some cases m, is even an A-property. Thus, for example: 


Lemma 7.1. If ris an isomorphism invariant property satisfying (A), 
(C1) and (C2), then a, is an R-property. 


‘Proof. By Theorem 1.4 and Lemma 2.1, it suffices to show that 7, 
satisfies also (C,) and (C2). To prove (Ci), we consider an ideal A in a 
ring À such that both A and R/A are a,-rings. Let R° be a homomorphic 
image of R. @ induces then a homomorphism of R/A onto R®/A®. Since 
the latter is also a homomorphic image of R and A® is a homomorphic image 
of A, it follows by (C,) and by the definition of r, that R° is also a w-ring. 
This proves that m, satisfies also (C). 


To prove (C2), let A, C 4: € > -+ be a non decreasing well ordered 
sequence of r,-ideals in À, and let A =U À, Let # be a homomorphism of 
A onto 4°. Then # induces a well ordered sequence of ideals 4,9 C AË C : :- - 
in A®, Each A,* is a r-ideal by the definition of m, It follows now by 
(C2) that, since U A,* — (U A,)*® = A®, AS is a a-ring, which proves (C2). 

The following is a method for constructing properties satisfying the 
conditions of this lema. 

To each property m we can define a property of being “ m-semi simple ” 
which we shall denote by r.s.s. That is: a ring R is a r.s.s-ring if it does 
not contain non zero r-ideals. 


LEMMA 7.2. If m is an H-property satisfying (D) then 7.s.s. is an 
isomorphism invariant property which satisfies (A), (Ci) and (Cs). 

By definition and by Theorem 1.5 it follows that 7.s.s. is an isomor- 
phism invariant property which satisfies (A). A proof similar to the proof 
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of Lemma I. 2. 3, yields (C:). To prove (C2), let 4, € 4: G> - * be a well 
ordered sequence of +-semi simple ideals in a ring R. Let A=UA, If Q 
is a -ideal in A, then since Q D Q N A, and = satisfies (D) it follows that 
Q N A, is a r-ideal. This implies that Q N A, is also a +-ideal A,, and since 
A, is -semi simple, we have Q N Ap = 0. Now 


Q=QNA=Qn(U Ay) =U (Q N Ar) =0, 
which proves that A is a r.s.s. ring, q. e. d. 


It follows now that one can apply Lemma 7. 1 to the property (r.S.S.})r 
which we denote shortly by ~r.s.h. The definition of this property is the 
following: | 


DEFINITION 7.2. A ring R is a ».s.h.-ring if every homomorphic image 
of R is m-semi simple. 


Thus by the preceding two lemmas we have: 


THEOREM 7.1 If ~ is an H-property satisfying (D) then m.s.h. is an 
E-property. 


If we restrict ourselves to associative rings, we can prove more: 


THEOREM 7.2. If v isa ZH-property of associative rings and satisfies 
(D), then the property w.s.h. is an SR-property, i.e. an R-property satis- 
fying (D) and (E). Furthermore, if m satisfies the condition that R, is a 
x-ring if and only if R is a r-ring then w.s.h. satisfies also the condition (G), 
(G:) for the radical of the matrix ring. 


Proof. First, we note that under the conditions of the theorem, 7-semi 
simple rings cannot contain nilpotent ideals. 


Let À be a w.s.h.-ring and let Q be an ideal in E. Suppose Q is not a 
7.s.h.-ring; then it contains an ideal P such that Q/P is not w-semi simple. 
From the condition of the theorem we can readily deduce that Q/QPQ is 
also not r-semi simple. Let T/QPQ be a non zero +r-ideal in Q/QPQ. 
It follows by (D) that QTQ/QPQ is also a w-ring; but since R is a z.s.h.- 
ring, RÀ/OPQ must be +r-semi simple and, therefore QTQ C QPQ. Conse- 
quently, the set {x | z e Q, QxQ C QPQ} constitutes a non zero ideal in R 
(containing T) which is nilpotent modulo QPQ: This is impossible since 
in the present case we know that 7.s.s.-rings cannot contain non zero nilpotent 
ideals. Hence we obtain the validity of (D). The rest of the first part 
of the theorem follows now from Theorem 5. 1. | 


116 S. A. AMITSUR, 


Before proceeding with the proof of the second part, we show that if 
R is a r-semi simple ring then so is R, Indeed, let Q be a z-ideal in k,; 
then P,QR, CQ is by (D) a wideal. Now R,QR,— T, where T is the 
ideal in R generated by the elements: rgs, r, s,e R and where g ranges over 
all the elements of R which appear in the matrices of Q. By the condition 
stated in the second part of the theorem it follows that T is a r-ideal, 
hence [==0. The set {x | xe kR, ReR = 0} is a nilpotent ideal in R; it 
follows, therefore, that this ideal is zero. Consequently, Q —0 and our 
assertion is proved. We turn now to the proof of (G,): let R be a w.s.h- 
ring and suppose À, is not a w.s.h.-ring. Let Q be an ideal in À, such that 
R,/Q is not a w-semi simple ring. By (Z) it follows that R,/R,QR, is also 
not r-semi simple. The latter is isomorphic with (R/T), and R/T is by 
assumption r-semi simple, hence our assertion implies that (R/T), is also 
a 7.s.s.-ring. Contradiction! To prove (G), we note first that if R, is a 
7.8.h.-ring then À must also be a 7.s.h.-ring. Indeed, for every ideal T in R, 
(R/T), 2 #,/T, and if E/T were to contain a non zero +r-ideal then, by 
the condition of the theorem, the latter would also contain a non zero r-ideal 
which is impossible. Now let R be a r.s.h.-semi simple ring and suppose À, 
is not such a ring. Let Q be an ideal in R, which is a .s.h.-ring. By (D) 
it follows that R,OR, = Ta (C Q) is also a 7.s.h.-ring. This implies, by 
the preceding argument, that T is also a +.s.h.-ring; hence T —0. But if 
this is the case, Q%— 0; but then Q cannot be a 7.s.s.-ring and, evidently, 
not a +.s.h.-ring. | 

The preceding theorem can be applied to many ring properties, and in 
particular; quasi regularity, nillity and semi nilpotency. The respective 
radicals will be dealt with in part IIT. | 

À by-result of Lemma 7. 2 is the following: 


THEOREM 7.3. If x is an H-property which satisfies (D), then every 
ring R contains maximal r-semi simple ideals P and each of them is a x-semi 
simple radical in the sense of section 1. 


The proof follows immediately, since the relation between ideals deter- 
mined (as defined in section 1) by the property of “r-semi simplicity ” 
satisfies the requirements of Corollary I. 2. 1. 

We can prove more: 


THEOREM 7.4. If m ts an R-property which satisfies (Es) (or (Fy)), 
then every ring R contains maximal r-semi simple subrings (right ideals), 
and m(R) N S= 0 for every such maximal subring (right ideal S). 
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The proof of this theorem is similar to the proof of Lemma 7.2. By 
proving that if 8, 8, C + : - is a well ordered sequence of -semi simple ~ 
subrings of À, then U $, is also a-semi simple. This implies the existence 
-of maximal +.s.s.-subrings S. It follows by (D) that r(%) NS Cr(k) is 
a r-ideal in (R) and, therefore, in S; we obtain r(#) N S — 0, q.e.d. 

In the next section, we turn to another useful method of constructing 
new radical properties, a method which will be seen to yield a generalization 
of Baer’s Lower Radical ([5]). 


8. Additive properties. Many H-properties of rings, like nilpotency, 
are not R-properties, yet their upper radicals behave very similarly to radicals 
of R-properties. Those are the H-properties which satisfy the condition of 
additivity. Namely: 

(Add) If A,B are two m-ideals in a ring R then their union (A, B) is 
also a r-ideal. | 

Such properties will be called A-properties. Evidently, R-properties 
satisfy this condition. Furthermore, this implies that the union of any 
finite number of z-ideals is a æ-ideal. 


With the aid of a property v, we define a property r* as follows: 


DEFINITION 8.1. A ring R ts a r*-ring tf every non zero homomorphic 
image of R contains non zero x-tdeals. 


An equivalent definition is given by the following lemma: 


LEMMA 8.1. Ris a r*-ring if and only if R == U (R), where U(E) 2s 
the upper r-radical. 


Indeed if RD U(R), R/U(R) is a non zero r-semi simple homomorphic 
image of À; hence À cannot be a r*-ring. Conversely, if # is not a 7“-ring 
then R properly contains an ideal P such that R/P is z-semi simple. Hence, 
by Theorem I. 1.2, R D P D U(E), and the proof is completed. 


An associative ring R was called by Levitzki® an L-ring if R coincides 
with its Lower Radical (in the sense of Baer [4]). Noting that Baer’s 
Lower Radical is an uppper radical (in the sense of the present paper), of 
the property of nilpotency, the preceding lemma shows that the notion of 
r*-rings is a generalization of the notion of D-rings. 


J. Levitzki, “A*theorem on polynomial identities,” Proceedings of the American 
Mathematical Society, vol. 1 (1950), p. 335. 
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THEOREM 8.1. If r is an H-property which satisfies (E), then x* is 
an R-property which satisfies the same condition; and the r*-radical coincides 
with the upper r-radical. 


Proof. Evidently, it follows from the definition of «* that it is an 
H-property. First we assert that «*-semi simplicity is equivalent to r-semi 
simplicity. Indeed, if Æ is w-semi simple, then it follows by (E) that 
U(P) ==0 for every ideal P in R. In view of Lemma 7. 1, this implies that 
R does not contain non zero r“*-ideals, i. e., R is 7*-semi simple. The con- 
verse is evidently true since w-ideals are also w*-ideals. Consequently, the 
validity of (E) for + implies that r* also satisfies (EH). Another result 
obtained by our assertion is that if R is not a w*-ring, R/U (R) is a non zero 
x*-semi simple image of R. This proves that r* satisfies (C), hence r* is an 
k-property. By Theorem 1. 1 it follows readily that U (R) D r*(R). Since, 
by Corollary 2.1, U(R) is a r“-ideal, it follows by Theorem 1.1 that 
w*(R) D'U(R); hence 7*(R) = U(R), q.e.d. | 

A similar theorem about condition (D) is not true in the general case. 
But for properties which satisfy the condition of additivity we can show: 


THEOREM 8.2. If m is an A-property which satisfies (D) and (E), 
then «* is an SR-property. Furthermore, if a satisfies also (Dy) or (Ds) 
then r” satisfies also the same condition. 


Proof. From the preceding theorem we see that it remains to prove the 
validity of (D). We shall prove the second part of the theorem for (D,) 
and the proof of (D) and (D,) is similar. 


Let À be a r*-ring and let S be any subring of R. The proof will 
follow by showing that U(S) 2 8 N U(R), since then U(S) = 8 if U(R) =R. 
This is carried out by proving inductively that U(S) D SNU;(R) for 
every A. For À = 0 it is evident. If À is a limit ordinal, then 


SO OMB) = 8 N (Ur< U(E) ) = Ur<a(s N U,(R)) CU(S). 


Let À not be a limit ordinal. Put V == U(E). By definition, U (R) is 
the union of all the ideals P such that P/V is a -w-ideal; hence, if 
ae U(E) NS, then ae P,U P,U---UP,, for a finite number of ideals 
{P;} such that P;/V are z-ideals. By the condition (Add), P = U P; is also 
a r-ideal over V. The quotient (P N 8) U V/V is a subring of P/V, hence 
by (Ds) it is a w-ring. Since P D V, 


VU{PNS)/Væ=PNS/PNSNVI—=PNS/VNS. 
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Thus, the latter is also a +-ring. By Theorem 1. 7, and from the fact that 
U(S) > S NV, it follows readily, that since PN S/V MS is a w-ideal, 
U(S) DPS. Thus ae U(S) for every a@eU NS. Consequently 
7(S) DUNS, qe.d. 

The proof of (D) (similarly of (D,)) follows in the same way by 
replacing S by an ideal (right ideal) B of R and noticing that V U (PNB) 
is an ideal (right ideal) in P. 

In particular we have by Theorem 2.3: 


COROLLARY 8.1. If x is an A-property, then U(A) = A NU(R) for 
every ideal À in R. 


We conclude this seection with showing that: 


THEOREM 8.3. If ris an H-property which areas (C,) then r satisfies 
the condition (Add). 


Indeed, let A and B be two r-ideals in Æ. Since AU B/B = A/ANB 
and the latter is homomorphic with the r-ring A, A U B/B is also a z-ring. 
B is a r-ideal in A U B as well as in R, it follows, therefore, by (C,) that 
À U B is also a a-ring, which proves (Add). | 


9. Generalization. A close survery of the proofs of the preceding sec- 
tions (except section 6) shows that no use whatsoever has been made of the 
operators of the rings and, except for one point (on A-properties), even the 
fact that rings and ideals contain elements. The whole theory can be developed 
in a far wider class of mathematical objects. The largest field in which this 
can be done is that of the Lattice-ordered Bicategories of S. Maclane defined 
in [7], which satisfy some additional axioms so that the.two main isomor- 
phisms hold and some minor properties of ideals in rings. 

We do not intend to give here the list of axioms such a category has to 
satisfy, but only a list of conditions, some of which may be considered as 
axioms, others as lemmas, to be valid in such a category in order that the 
whole theory can be developed in it. It is worth noting that the whole theory 
of radicals is just a relation between injections and projections of a bicate- 
gory. The proof in the general case can be obtained by a simple change of 
‘objects’? and ‘normal objects,’ ‘ supermaps’ instead of ‘rings,’ ‘ideals’ and 
‘homomorphisms.’ 

In giving the list of conditions we shall make use of notions a 
theorems given in [7], with the only difference of using the zero symbol 04 
instead of the multiplicative symbol 14 used 'in [Y]. 
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Let © be a lattice-ordered bicategory satisfying the axioms of part IT 
of [7] (pp. 495-507). Such a category contains objects dénoted by 4, 
B,:-+,R,S8,: +: and mappings a, 8, y,: <. Recall the following facts of 
[7]: The set of all subobjects A C F form a complete lattice G(R) with 
the zero Or, and À as zero element. 

If a: R-—> Rf’, then a, denotes in [6] the mapping of G(#) induced 
by æ (for details see [7], p. 500). We shall use the notation « instead of a, 
and put «A for the image aA. 

The kernel Ka of « is by definition the 1. u. b.{4 | A C R, aA = 0p}. 
The set of all kernels of R is exactly the set of all subobjects of R normal 
in À (in the sense of [7]). With each normal object A of R, there is 
associated a unique projection ta: R—>R/A, with the unique quotient 
object B/A. ; 

A simple observation shows that the set N(F) of all normal subobjects 
of R constitutes a complete lattice. This is not necessarily a sublattice of 
©6(f). It is true that the intersection of normal subobjects in (FÆ) is the 
same intersection as in (FR) ([7], p. 507), but the union U NW, in N(R) 
is defined as the intersection of all normal subobjects of À containing all W,. 
This is the general set-up in which one can state the results of the preceding 
theory. The objects Æ will replace the rings and the kernels (= normal 
subobjects) will replace the ideals. In order for the proofs to hold, one has . 
to assume that the complete lattice satisfies some additional requirements. 


I) Ifa:R— ak is a supermap (we call it a homomorphism (onto) to 
make it similar to the language used here), then « maps normal subobjects 
of À onto normal subobjects of af, and a(U N;) =U (aN;). 


II) If «:R— ak is a homomorphism, and «~A denotes the inverse 
image of a normal subobject A of aR ([7], p. 507) then a? is a lattice 
isomorphism between the lattice of all normal subobjects of R lying in 
the interval Ka CR (Ka the kernel of «) and the lattice %(ak); and 
R/o*B<>ak/B for every Be M(aR). 


III) If A ak is a homomorphism, A e N(R), then « induces a homo- 
morphism R/A — af/aA. 


IV) Q,4,B,eN(R). If RD ADB then BeYt(A),™ and so 
QNAER(Q). | 


10 Denoted by a*, in [7]. 
14 This fact was pointed out in [7], p. 507. 
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V) If RO BDA,A,BeN(R), then there is a homomorphism : 
R/A— R/B such that for every C D A, Ce N(R), C/A exists, and its image 
is (CU B)/B. Furthermore, by (II) we have: (R/A)/(B/A) = E/B (The 
Second, Isomorphism theorem). 


VI) For A,BeS(R), there exists an equivalence (isomorphism) 
AU B/A < B/A N B (The First Isomorphism theorem). 


VII) If A, C A4: C--- is a well ordered non decreasing sequence in 
N(R) then U A; in M(H) is the same U A; in N(B) for every normal object 
BD A, 


These conditions are fundamental for the theory developed in sections 
1, À, 7, 8 (except Theorem 2.1 and its corollary). The second part of 
condition II was used only at Theorem 2.3. For the sake of Lemma 7. 2 
we need also: 


VIII) If A, C A, C-.-- is of the preceding type, then Q N (U A,) 
=U(QNA,) for any Qe M(H); and for the sake of Theorem 8.2, we 
need (VIII) and: 


IX) If {Pa} is a set of N(R), BeN(R), Ae M(B) and such that 
AD (U P;) O B for every finite set P;,---,P, chosen out of {Pa} then 
A D PNB, where P is the union of all Pa 


In the proofs of sections 3 and 8, and of Theorem 2.1 and its corollary, 
one notices the resemblance between the problem of one sided ideals and 
subrings. ‘These two cases are particular applications of similar problems 
which arise for the bicategories of the preceding type. The general situation 
is as follows: we assume that to each object R belongs a complete lattice of 
subobjects $(R) (right ideals, subrings). These subobjects should satisfy 
conditions of a similar nature to the conditions satisfied by N(R). Namely: 


I’) If «:R—aR is a homomorphism, then « induces a lattice homo- 
morphism of X (F) onto X («Fy such that a(U J;) = U (aJ;). Furthermore, 
Ji— aJ; is a homomorphism. 


Il”) The lattice of normal subobjects N(R) is a sublattice of X(R). 


Ill’) IfAeR(R), Je S(R), then AN Je R(T) and &(A), and there 
is an isomorphism Á U J/A <> J/ANJ. 


Iv’) If {4a} is a set of N(R)(J(R)) and Ag CJeJ(R), then 
Aac N(J) and U 44 in N(R)(G(R)) is the same object .as U 4, in 
NJ) (SCI) )- | 
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V) RDI DA, AeN(R), J'eX(R), then J/A exists and belongs 
to X(R/A). 


And for the sake of Theorem 8.2, we need the previous conditions (VIII) 
and (IX) to hold also for B, Q e 3(#) and the fact that if Q D J, Q, J € (ER) 
then Je X(Q). 

Even without going as far as bicategories one readily observes that the 
whole theory can be developed without any additional efforts for groups, 
semi groups, loops, ete., or, more generally, to abstract algebras in the sense 
of Birkhoff (e.g. [2]), where ideals should be defined as kernels of homo- 
morphisms. These abstract algebras should be of a more restrictive type 
than those studied in [2], Ch. VI (also, Goldie [6]). Namely: one has to 
assume that the operations of the abstract algebras À — (R, Q) are finitary 
functions far, * `, Tn), N Lo ; foe Q and that: 


(A) These algebras contain a selected one element, denoted by zero. 


(B) The congruent relations of the algebras are uniquely determined 
by the set of elements which are congruent to zero (i. e. by the kernel = ideal). 


(C) All congruent relations considered must be permutable (in the 
sense of [2], Ch. VI). 


By the results of [2], Ch. VI (see also [6]), one readily shows that 
these algebras satisfy all conditions imposed on the bicategories. In particular 
we remark that if A, C A, C > - - is a well ordered sequence of ideals in such 
an algebra À then U A, is just the set-theoretic union, which proves (VIT), 
(VIIT). 

To these algebras one can extend part of the theory of radicals as 
developed by Brown-McCoy in [3] and [4]. Their whole theory can be 
extended to algebras of the type mentioned above which are loops with respect 
to one of their binary functions: f,(%,y) == + y. In the next section we 
develop their theory first, partly, in the gerieral case and then the whole 
theory for loop algebras. 


9. Brown-McCoy’s theory of F-radical. Furthermore, we assume, in 
this section, that to every algebra considered there corresponds a complete 
lattice ® of subsets containing the zero. By a R-subset of R we shall mean 
a subset of A which belongs to À. We also assume that for every homomor- 
phism Ÿ of R the R-subsets of R° are the images of the R-subsets of R and 
the inverse images of the first is a subset of the latter. 
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Let a—> F(a) be a mapping of elements of algebras À onto R-subsets 
of R. This mapping is assumed to be homomorphic invariant; that is: . 
F(a?) = F*(a).” Following [3], we define: a R-subset T of E is called 
maximal modular if there exists an element ae À such that F(a) CT and 
T is a maximal R-subset of À which does not contain a. An ideal A in & 
is said to be F-primitive if A is a maximal ideal contained in some maximal 
modular ®-subset of R. An algebra R is F-primitive if the zero is a primitive 
ideal in À. An ideal P is called F-regular if ae F(a) for every ae A. 

It is readily seen that F-regularity is an HJ-property in the sense of 
section 1, hence it yields an upper F-radical which we denote by F(R). 


Tasorem 9.1. If the primitive ideals P are F-ideals,* then F(R) is 
the F-radical of R and it is the intersection of all primitive ideals of R. 


Proof. Let À > B be two ideals in À such that A/B is F-regular in 
R/B. We wish to show the existence of a primitive ideal P 2 B such that 
ADANP. Without loss of generality we assume that B—0. Since A 
is not F-regular, af F(a) for some ae A. By Zorn’s Maximum Principle 
we deduce the existence of a maximal modular Q-subset S of À containing 
F(a) and excluding a.1* Let P be a primitive ideal contained in S, then 
since 4# 9 NA, À D ANP, g.e.d. Our theorem follows immediately as a 
consequence of Theorem I. 2. 4. 


Generally, it cannot be shown that F-primitive ideals are F-ideals. 
Furthermore, it is not certain that if À is F-primitive in # then #/A is an - 
F-primitive algebra. The following are some special cases for which this 
is true. 


THEOREM 9.2. If the sets F(a) (the set À) are the set of all ideals, 
then tf A is an F-primitive ideal in R, R/A is F-primitive and every primitive 
algebra is F'-semi simple. 


Proof. In the present case F-primitivity coincides with maximal modu- 
larity, hence if A is F-primitive F(a) € À for some ag A. In the quotient 
ft/A, the image à of the element is a non zero element such that F(&) = 0. 
By the maximality of A with respect to A, one readily observes that every non 


12 Here FO(a) = {æ | ve R, ae = yd for some ye F(a)}. 

13 Meaning that R/P does not contain non zero F-regular ideals. 

14 Here we have to assume that the union of a linearly ordered set of &-subsets is a 
&-subset which is their set-theoretic union. This holds for example if the &-subsets are 
all subalgebras. 
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zero ideal in the quotient #/A must contain & and thus cannot be F-regular. 
This proves that #/A is primitive as well as F-semi simple. 


The preceding two theorems present a generalization of the F-radicals 
as developed in [4] and in example 3 of [8], section 6. The incorporation 
of the theory developed in [3] is achieved by restricting ourselves to abstract 
algebras which are loops with regard to one of their functions f(a, b) — a + b 
and assuming that the R-subsets are subloops. We refer to such algebras as 
loop-algebras. 

Now let a— F(a) be a homomorphic invariant mapping of the elements 
of loop-algebras onto $-subsets which satisfies the following conditions of [3]: 


P. F(a+6)C F(a) U (b):. 
where F(a) U (b), denotes the minimal loop-subalgebra of À which contains 


both F(a) and the element b. 


In a similar way to the proof of the lemma of [3, section 8], one verifies 
that if A is F-primitive in R then R/A is an F-primitive ring. Hence the 
theory developed in [3] section 8 is now a consequence of Theorem 9.1 and 
the following lemma: 


Lemma 9.1. If Ris an F-primitive loop-algebra then R is F-semi simple. 


Indeed, let À be primitive with respect to æ and the maximal modular 
R-subloop 8. Let P be a non zero ideal in R. The natural homomorphism 
of À onto R/P maps S onto the R-subloop P(S)/P of R/P. Since P ŒS, 
P(S) DS. Henceae P(S). Thus a=s(mod P) for some se S and, there- _ 
fore, a— s = pe P. It follows now by condition (P) that 


F(p) C F(a) U (sh C F(a) US=8. 


Assuming that P is F-regular, we obtain a — s = pe F(p) CS which implies 
a=p+seS. Contradiction. 


Next we assume that the mapping a— F(a) is homomorphic invariant 
and satisfies the second condition of [3]: 


(P:) If be F(a) then F(a+ 6) C F(a). 


This condition does not imply Theorem 9.1, yet we are able to show that 
in this case: 


THEOREM 9.3. If a— F(a) is a homomorphic invariant and satisfies 
(P2) then the property F-regulariy is an RI-property. 
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In view of Theorem 2 of [3] and of the results of section 1, this theorem 
yields the results of sections 1-3 of [3]. 


Proof. We show the validity of (C,) and (C2), and the proof of the 
theorem will follow by Theorem 1.4. The validity of (C2) is evident. To 
prove (C:) we consider the ideals A D B of R such that A/B and B are 
F-regular. The natural homomorphism of R onto R/B maps F(a) onto 
BU F(a)/B. Hence for every a e A, å = (a+ B/B) e F(a) =F (a) U B/B, 
i. e., & = 2 + b for some ze F(a). Thus, «— g =be B. It follows now by 
(P2) that F(b) C F(a). Since B is F-regular, b =a — se F(b) C F(a) 
and, therefore, ae F(a). This proves that A is F-regular,, q.e. d. 
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III. Applications. 


By 8. A. AMITSUR. 


The present paper contains applications of the theory developed in the 
first two parts ({1], [2]) to theory of rings, in particular to associative rings. 
The results of the preceding parts [1], and [2] will be quoted by the numbers 
I, or II, followed by the number of the result quoted. 

In section 1 we outline an extension of the theory of nilpotent ideals in 
associative rings to non associative (and non distributive) systems, obtaining 
a generalization of Baer’s Lowe Radical ([31) and proving that this generalized 
radical is also the intersection of all prime ideals, a result which was 
proved by Levitzki ([8]). Continuing the study of nilpotent ideals, we 
restrict ourselves in section 2 to associative rings. In this section, some new 
results on the Lower Radical are obtained as well as some short cuts in the 
proofs and new results for the semi-nilpotent radical ([7]). In view of the 
results obtained in section 2, it seems that Baer’s Lower Radical is the best 
‘minimal ? extension of the nilpotent radical of rings satisfying the minimum 
condition for right or left ideals. In section 3 we approach some of the 
known radicals from the point of view of the present theory. Thus we obtain 
alternative proofs for: Jacobson’s radical ([6]), the locally finite kernel 
([10]) and McCoy’s radical ([11]). In the last section we utilize the 
theory for obtaining new radicals, among which is an FI-radical. A ring R 
is an FI-ring if every homomorphic image FR’ of R is an I-ring ([10], i.e. 
every non nil right ideal in A’ contains an idempotent). It is shown that this 
property FI yields a radical which satisfies all the ordinary requirements a 
radical is supposed to satisfy. 


1. Nilpotency and solvability. In the present section we consider rings 
(semi groups) À not necessarily associative (or distributive) and we outline 
an extension of the theory of nilpotent ideals to the non-associative case. 
The whole development here will hold also, without any changes in the proof, 
in general abstract algebras of the type considered in the last section of II, 
which are semi groups with respect to a binary operation f(a, b). 


* Received September 10, 1952; substantially revised March 7, 1953. | 
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Let Q;, Qə be two subsets of such a ring R. We denote by Q-Q- the set 
of all element qigo, qe Qi, g2e Qs. In particular we put Q’ = QQ and 
inductively Q™ = (QOY. Note that (QM) = Q@™, An ideal P in R 
is called a prime ideal (in R) if: P,P, C P, where P;C P are ideals in R, 
implies that either P, C P or PC P. 

Defining a ring R to be a ¢-algebra if R = 0,1 we obtain an H-property 
¿č of rings. The upper ¢-radical, which we denote by €(R), will be called 
in this paper the Baer’s radical. It is known (Levitzki [8]) that in the 
case of an associative ring R, Baer’s radical is the intersection of all the 
prime ideals in R (McCoy’s radical [11]). It will be shown here that this 
result is true for non associative ring, semi groups and more generally this is 
true for the abstract algebras of the type mentioned above. That is: 


Tarorem 1.1. £(R) is the intersection of all the prime ideals of R. 


Proof. Observing that prime ideals are £-ideals, we deduce from Theorem 
J.1.2 that the intersection X of all the prime ideals of & contains £(%). 
The theorem will be proved if we show that for every af f(R) there is a 
prime ideal Q in À which does not contain the element a, since then X C £(R). 
Indeed, put a, == a; let A, be the minimal ideal in À containing a, and &(R). 
Since a, #£(R), A, DE(R). Hence A’, Œ £(R). Let a, be any element of 
A’, which does not belong to £(R). In a similar way we can inductively 
obtain a sequence of elements a, @,:° ©- such that a f#f(R) and ti € À 
where A; is the minimal ideal in À containing £(R) and a; By Zorn’s lemma 
there exists a maximal ideal P in À containing £(Æ) and excluding the 
sequence {a}. The ideal P is the required ideal. For if P,P,C P and 
P; D P then the maximality of P implies that a;e P, and a, e Ps, for some j 
and k; hence P, N Ps contains an element a, of the sequence {a}. But this 
implies that a, € A7 C P Pa C P which is a contradiction.” 

The preceding proof provides an alternative characterization of £(#). We 
call a sequence {gi} of elements of À an m-sequence if qi € QY’i,4—=1,2,°°-, 
where Q: denotes the minimal ideal in À containing q An m-sequence is 
said to be a null sequence if it contains only a finite number of non zero 
elements. 

Define a property » of ideals in À as follows: an ideal in A in Ris a 
p-ideal in R if every m-sequence of elements of A is a null sequence. 


We prove: 


* Recall that P is said to be a f-ideal in R if the quotient E/P is f-semi simple. 
For associative rings, the notion of (ideals coincide with the notion of radical-ideals 
of [3]. 

2 This proof resembles that of the lemma of [9]. 
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THEOREM 1.2. The property p is an RI-property (in the sense of I- 
section 2) and p(k) = £(R). 


Let # be a homomorphism of R onto R? and Q be an ideal in À. Let 
P be any ideal in R, such P == QŸ, First we show that for any m-sequence {b;} 
in P, there exists an m-sequence {a;} in Q such that bi = a, 1—1,2,---. 
Choose æ, any element of Q such that a, = bı. Suppose that @,-- -, an 
have been so chosen that we ©, a° = bi, 1=—1,---+,n an di € À’; where 
A, denotes the minimal ideal in Æ containing a; We determine au as 
follows: since a,” = b, it is evident that À, = B,, where Bẹ is the minimal 
ideal in R which contains b,. Since (A'n)? = B’, and ban e B’, we can find 
nis € A’, such that €n? == b,,, and evidently Gna € Q. This proceduce deter- 
mines inductively the required sequence. | 

Consequently, if every m-sequence of the ideal Q is a null sequence then 
the ideal P = QŸ has the same property. This proves that » is an HI-property. 
That » is an RI-property will be shown by proving the validity of IT. (C). 
Let A be not a w-ideal in À, then A contains a non null sequence {a;}. Con- 
sider the maximal ideal B contained in A and which does not contain the 
sequence {a;}. Evidently A D B. If À D P DB then the maximality of B 
implies that a;e P for some à Hence aje P for every j =i. Thus P/B 
contains the non null sequence 4;, m ©- which proves that P/B cannot be 
a p-ideal, and II. (C) is proved. 

To prove a(R) —4£(R), we note first that a é-ideal in R is a p-ideal. 
By Corollary J.1.5 it remains, therefore, to show that £-semi simplicity 
implies yw-semi simplicity. Indeed, let Æ be a £-semi simple ring and let 
A <0 be an ideal in À. Choose a, any non zero element of A; since A’; ~0 
take @ 540 any element of A’,. Inductively we obtain a non null m-sequence 
{a;} in A, which shows that R is also u-semi simple. 


Remark 1.1. The preceding proof, with the exception of the last part, 
is readily seen to hold, with some slight changes, for the following similar 
properties of rings (semi groups, etc.). A sequence {p;} in F is a my-sequence 
if Pin € Pi where P; is the minimal sub ring of À containing p; (alternative 
definitions: P; = p;R, Pı == Rp, etc.); and R is a po-algeba if every me- 
sequence is a null sequence. 

The second aim of the present section is to outline an extension of the 
theory of nilpotent ideals of associative rings to non associative rings (semi 
groups, or general multiplicative algebras). It seems that in the general 
case the property of solvability should replace the property of nilpotency. 

We call a subset Q of R a solvable subset if Q@™ == 0 for some integer n; 
and a ring À is said to be a o-ring if R is solvable. We call a ring R a 
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so-ring (semi solvable)? if every finite subset of R is-solvable. Furthermore, 
an element ae R is said to be a nil element if the set (a) containing the 
element a is solvable, and a ring R is a nil-ring (v-ring) if all its elements 
are nil elements. 


THEOREM 1.3. 1) o is an H-property which satisfies (C) and (Ds)* 
of II. 2) so and v are R-properties which satisfy II(Ds) (and hence II(D)) ; 
and v(R) D so(R) D o(R) 2 E(R). | 

Proof. Evidently, each of the properties are H-properties and satisfy 
IT. (F4). o satisfies II. (C,), for if A/B is solvable and B is solvable then 
A™ CB for some n and B@ — 0, and hence A@™™) = 0. A similar proof 
holds for se and v. Since these last two properties evidently satisfy II. (C2), 
it follows by Theorem IJ.1.4 that they are ÆR-properties. The relation 
between the various radicals follows by Theorem J. 1.6 as a consequence of 
the fact that a ¢-ring is solvable, solvability implies semi solvability and, 
finitely, a semi solvable ring is a nil ring. 

There are many other aspects of extending the theory of nilpotent ideals 
of associative rings to the non associative case. Thus, for instance, nilpotency 
may be defined as follows: a subset Q of R is nilpotent if there exists an 
integer n such that all the possible multiples of n elements of Q are zero. 
Similarly we can define semi nilpotency and nillity. Each of these properties 
is readily seen to be an H-property. But the main disadvantage of the 
nilpotency defined in this manner is that it does not satisfy II. (C,) and, 
therefore, its allied properties: semi nilpotency and nillity are not, generally, 
R-properties and do not yield a radical. The validity of II. (C,) seems the 
main reason for preferring solvability in the theory of non associative rings 
over the other generalisations of nilpotency. 


Remark 1.2. Radicals of a similar type can be defined in abstract 
algebras of the type considered in section II, but which need not be ring or 
semi groups. We assume that these algebras possess a function Flers) 
n <œ, (e. g. Lie triple systems) about which we assume that f(x, - + - ,&,) — 0 
if one of the t; = 0. As in section II ideals will be the kernels of homo- 
morphisms. An ideal will be said to be prime if 


FÉES" ; "y Pr) = {f (pr : > Pn), pie Pi} ef, 
where P; are ideals, implies that at least one P; P. Denoting 
W = f (R, ee: KR) Fer {fra nn; Ta); neb} 
we define a ring to be a é-ring if R = 0. 
# This is a generalisation of the notion of semi-nilpotency defined in [7]. 


‘By Theorem II.8.3 it follows that ¢ satisfies also the additivity condition 
IT. (Add) of section 8. 


9 
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2. Nilpotency and semi-nilpotency of associative rings and semi- 
groups. We note that when associativity is assumed the two main properties ° 
solvability and nilpotency and, therefore, their issues are equivalent. Another 
point to notice is the difference between the present definition of semi- 
solvability and the definition of semi nilpotency given in [7]. Our definition 
seems to be more restrictive by requiring the solvability of every finite subset, 
but evidently the two definitions are equivalent if associativity is assumed. 
In the present section we deal with further properties of the radicals defined 
in the preceding one. We shall consider only associative rings but we remark 
that the following proofs and results hold also (with slight modifications) 
for associative semi-groups. 

Since in the present case solvability and semi-solvability are equivalent 
to nilpotency and semi-nilpotency we shall also refer to the latter by the 
respective notation o and so. 

In addition to the properties of sw given in Theorem 1.3 we prove: 


THEOREM 2.1. so is an RZ-property® which satisfies II. (F). 


In view of Theorem 1.3 and the validity of (2), it remains to show the 
validity of IT. (F,). This will follow by proving Lemma II. 3.1 by a method 
due to J. Levitzki (compare with [10] Lemma 7.3). Let J be a right semi- 
nilpotent ideal in À. Consider the ideal RJ. Let t,,: + : 4, be any finite 
set of elements of RJ; then t; = 2 TikSiky Tix € R, Six e J. Denote by [t], [r] 


and [s] the module generated by the elements {t}, {rx}, and {sx} respec- 
tively, then [t] C [r][s]. Hence [¢]"** C[r]([s][rl)"[s]. The module 
[s] [r] € [sr] and the latter is generated by a finite number of elements of J. 
Hence ({s]{r]}" = 0 for some m. This proves that [¢]™**—0. Thus RJ 
is semi nilpotent. 

The known properties of the semi nilpotent radical ([7]) follow now 
immediately by the results of part II. Additional results follow by Theorem 

IL. 2.2 and II. 6.3 namely: 


COROLLARY 2.1. 1) so(A) =so(R) N À for every ideal A in the 
ring R. 2) so(Rn) = s0(R)». | 

Next we turn to a further study of the Baer’s radical £(#) of associative 
rings. 

For associative rings, £-semi simplicity implies o-semi simplicity and 
hence by Corollary II. 1. 6 and by Theorem 1.3 it follows that o(R) = £(R). 
We have already seen that g is an HZ-property which satisfies IT. (C,) and 


5 For definition see section IT. 6. 


A GENERAL THEORY OF RADICALS. III. 131 


II. (D,) (and evidently II. (D,) and II.(D)). Furthermore o satisfies 
II. (E) : this follows from the fact that if P is a nilpotent ideal (a o-ideal!) 
in an ideal Q of a o-semi simple ring R, then since (RPR)**" C RPK, 
RPR is a nilpotent ideal in R, which implies RPR — 0 and consequently 
P—0. It follows now by Theorem II. 8.2 that o* is an RZ-property which 
satisfies II. (Ds) and II. (D,). A ring R was called an L-ring$ an L-ring 
if R= ¢€(2) =o (B). 

In our notation this is equivalent to the definition of a o*-ring. Using 
the notation of L-rings we obtain, in view of the definition of o* and of 
Lemma II. 8.1: 


COROLLARY 2.2. A ring R is an L-ring if and only if every non zero 
homomorphic image of R contain non zero nilpotent ideals. 


The validity of (D) implies: 
COROLLARY 2.3. Every subring of an L-ring is an L-ring. 


We wish now to show that the property L (—o*) satisfies IT. (F-). 
Let À be an L-semi simple ring and let J be a right ideal in À such that 
L(J) =J. The annihilator of J in J is the maximal nilpotent ideal in J. 
For, if Q is a nilpotent ideal in J, then QJ is a right nilpotent ideal in È. 
The ZL-semi simplicity of À readily implies that À does not contain non zero 
right nilpotent ideals and hence QJ — 0. Thus Q CN, where N is the left 
annihilator of J in J. By Theorem IJ. 1. 1 and by the definition of the upper 
radical, it is readily seen that D(J) =N. Hence /?=0. By the L-semi 
simplicity it follows now that J == 0. 

Thus, we obtain by Theorem II. 2.2 and by Theorem II. 6.3: 


COROLLARY 2.4 1) L(A) =L(R) N A for every ideal A in a ring R. 
8) L(Ba) = L(R}x 


We conclude with a remark that the preceding results with the exception 
of the second parts of the Corollaries 2.1 and 2.4 hold also for associative 
semi groups. 


3. Various applications. We bring now some alternative proofs of some 
of the known radicals, in particular those which do not enter in the class of 
F-radicals, discussed in [4]. 

A. Jacobson’s radical. This radical and its generalizations were dealt 


with from the point of view of F-radicals by several authors. We shall 


* This is the notation used by J. Levitzki in: “A theorem on polynomial identities,” 
Proceedings of the American Mathematical Society, vol. 1 (1950), pp. 334-341. 
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deal here only with the associative case. Recall that a ring Æ was called a 
quasi-regular ring (QR-ring) if for every re R there exists an se R such 
that r-+s--+7rs=0." This property is readily seen to be an H2Z-property 
and satisfies II. (D) and IT. (D,). Furthermore, QF satisfies the condition 
of Theorem II. 6.6. Indeed, if-R is not a QR-ring, let ae R be not a quasi 
regular element. Consider the maximal right ideal J containing the ideal 
{x + ax} and excluding a. By the proof of Theorem 17 of [6] it follows 
that R/(J:R) does not contain right QR-ideals and this proves Theorem 
II.6.6. Hence QR is an RZ-property and satisfies also II. (F,). The 
validity of II. (E) follows by Theorem II. 5.1. Thus most of the properties 
of the QR-radical obtained in [6] are deduced from the results obtained here. 


B. The locally finite kernel. An associative algebra À over a field F is 
said to be locally finite (LF-ring) of every finitely generated subalgebra of F 
is finite over F. Levitzki has recently shown in [10] the existence of the 
LF-radical, which was called the locally finite kernel. The present theory 
provides a short cut in Levitzki’s proofs and yields further properties of this 
radical. | 

The property LF is readily seen to be an HZ-property which satisfies 
IT. (C) and IT. (D,) and evidently II. (D). The validity of IT. (C;}) follows 
by [10] Lemma 7. 4, and IT. (F,) follows by [10] Lemma 7.3. Since LF is 
also antiisomorphism invariant, a similar condition holds also for left ideals 
(Remark 1.1). The validity of all these conditions yields the results on the 
locally finite kernel obtained in [10]. Additional results now obtained are: 
LF(A) == LF(R) N A for every ideal in an algebra R; and LF(R), = LF(R,;). 


C. McCoy's radical. This radical, which was defined in [11], was 
proved to be equal to Bear’s radical. It can be also approached from the 
present point of view of HJl-properties. Calling an ideal A in a ring an 
M-ideal if every m-system of A contains the zero, we obtain an HI-property 
in the sense of section II.1. The prime ideals are readily seen to be 
M-ideals, and if À D B are ideals in R such that A/B is not an M-ideal, 
one can find a prime ideal Q£ in À such that Ad DAN QDB. It follows 
now by Theorem I, 2.4 that M is an RI-property and that the M-radical is 
the intersection of all the prime ideals. 


* Usually, quasi-regularity is defined in a ring but it is known that an ideal A 
(right, left or two sided) in a ring R is quasi regular in R if and only if A is a quasi- 
regular ring. 

e The ideal Q can be chosen as a maximal ideal Q D B such that Q/B excludes a 
certain m-system of A/B. 
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4. New radicals. A. Pl-radical. For the present radical we consider 
only associative algebras over a field F. An algebra R is said to be a Pl-ring 
if it satisfies a polynomial identity f(2,,- - *, Za) — 0 where the coefficients 
of f belong to F. This property is readily seen to be an HZ-property which 
satisfies II. (Ds) and hence also II. (D). Furthermore, PI satisfies II. (C4) 
‘and IJ.(E). Indeed, if À possesses an ideal A such that A/A satisfies 
the identity gaz, --,#,)—0 and such that A satisfies the identity 
f(t © *,%) = 0, then À satisfies the identity 


Fg (Tint * Tin): © ta g (Em `, Emn) | = 0 


in the nm indeterminates æ4. This proves II. (C,). To prove II. (E), let : 
R be a PI-semi simple ring and let A be an ideal in À. If Q is an ideal in 
A which satisfies an identity, then AQA CQ is a Pl-ideal in X, hence 
AQA =0. But the totality of the elements ze A such that AsA = 0 con- ` 
stitute a nilpotent ideal in A, hence, by II. (Z), it must be zero; and thus 
II. (E) is proved. 

It follows now by Theorem II. 8.3 that PJ is an additive-property a 
therefore, PI* is an RZ-property and satisfies II. (E) and (Ds). We recall 
that a ring À is a PJ*-ring if every non zero homomorphic image of À contains 
non zero ideals which satisfy a polynomial identity. m i 

The property PI* is an example of an R-property which does not satisfy 
II. {F,). For, the ring k of all finite matrices is a simple ring and it is 
known that this ring does not satisfy a polynomial identity, yet the right 
ideal ¢,,R, i.e., the ring of all one rowed matrices satisfies the identity 
(L13 — ©o%1) T3 = 0. 


B. x.s.h.-radicais. The methods of section II. 7 can be applied to yield 
a class of new radicals. With each property + of associative rings which 
satisfies the conditions of Theorem II. 7.1 or II.7.2 we can assdciate a 
x.S.h.-radical. We recall that a ring R is a 7.s.h.-ring if every homomorphic 
image of À does not contain a non zero w-ideal (i.e. is -semi simple). In 
particular, Theorem II. 7. 2 can be applied to the following properties: quasi- 
regularity, nillity, semi-nilpotency and nilpotency. 
| In particular, a ring À is nilpotent-s.h. if every homomorphic image 
.does not contain nilpotent ideals. Now a regular ring is evidently a ring 
of this type so that nilpotent-s.h. radical contains the maximal regular ideal 
defined in [5]. 


C. The FI-radicals. The notions of I-rings and FI-rings, were intro- 
‘duced in [10] and the structure of such rings was determined there. An 
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associative ring À was called an I-ring if every non nil right ideal contains 
an idempotent, and À was called an FI-ring if every homomorphic image of 
R is an I-ring. Similarly we shall call a ring R an Ig-ring (an /;-ring) 
if every right ideal which is not semi-nilpotent (which is not an Z-ring) 
contains an idempotent. In the same way we define FJ,-rings and #'J;-rings. 

We wish to show that the three properties: FI, FIs and FIr are SRZ- 
properties and satisfy the conditions II. (D,). Furthermore, the last two 
properties satisfy also II. (F;). The proof will be carried out only for the 
property FIs since the proof for the other two properties is similar. 

The property Is satisfies II.(A) and a similar proof to that of [10] 
Lemma 5.4 yields that Iş satisfies II. (C,) and II. (C.), hence by Lemma 
ĮI. 7. 1 it follows that FIs is an R-property. Evidently this property satisfies 
II. (Z). To prove the validity of II. (D,) we consider a right ideal J in an 
FTs-ring R. Let J/Q be a homomorphic image of J and let P/Q be a right 
ideal in J/Q. Now, PJ is a right ideal in À and RQJ is a two sided ideal. 
Since R is an FIg-ring, R/RQJ is an Ig-ring, so that (PJ, RQJ)/RQJ either 
contains an idempotent or it is semi-nilpotent. Put M = PJM RQJ, then the 
last quotient is isomorphic with PJ/M. PJM is a two sided ideal in PJ, 
hence one readily verifies that PJ/PJM is also either semi-nilpotent or con- 
tains an idempotent. Since J/RQJ CJQJ C Q it follows that 


PIM C PJ N PIRQOI CPI N Q. 
Furthermore, 


(PIN Q)* C PJ(RQJ N PJ) = PIM. 


Hence PJ/PJ N Q will also be semi-nilpotent or contain an idempotent 
respectively what PJ/PJM does. Consequently, (PJ,Q)/Q, and hence 
also P/Q, will have the same property, which proves (D,). Evidently this 
implies II. (D), and by Theorem II. 5.1 it follows that FIs satisfies also 
IT. (E). Consequently, FIs is an SRZ-property. 

We now prove the validity of (F;). Let À be an FI -semi simple ring 
and let J be a right FIs-ideal in R. Consider the ideal J* = (J, RJ). Let 
J*/Q be a homomorphic image of J* and let P/Q be a right ideal in J*/Q. 
We shall prove that either P/Q contains an idempotent or it is semi-nilpotent. 
Evidently, the same will hold if we replace Q by J*QJ*; or, equivalently, 
we may assume that Q is an ideal in À. In this case one readily verifies that 
the semi-nilpotent radical N*/Q of J*/Q is an ideal in R/Q (by Corollary 
2.1). For every ged, (GP, Q)/Q is a homomorphic image of jP. The latter 
is a right ideal in J, hence either it is semi- nilpotent or contains an idem- 
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potent. If the first case holds for every jeJ, then (JP, Q)/Q must be semi 
nilpotent? and hence JP C N*. Thus 


P2C (J,RJ)P C (JP, RIP) C(N*, RN*) C N*. 


This proves that (P?,0)/Q and hence also P/Q are semi-nilpotent. If this 
is not the case, (jP, Q)/Q contains an idempotent e for some je, i.e. 
e= jp(Q), jeJ and peP. By replacing p by pe we may assume that 
pe= p(Q). Since e?s40(Q), pj=£0(Q) and the latter belongs to P and 
satisfies (pj)? == p(jp)j = pej = pj (Q). This proves that P/Q contains an 
idempotent. Thus J* is an FIs-ideal in R; hence the FJg-semi simplicity of 
R yields J” == 0 and therefore J = 0. 

A radical similar to those discussed above is the following: call a ring 
R an Io-ring if every non zero right ideal in À contains an idempotent, and 
call R an FI,-ring if every homomorphic images of À are J,-rings. As in the 
preceding case FI, can be shown to be an #-property, but this property does 
not satisfy the conditions II. (D,) and II. (F,). Yet we can prove that FJ, 
satisfies II. (D) and the two conditions II. (Gi) and II. (G.). Thus FJ, and 
the preceding properties FI, FIs and FI, satisfy the main results on the 
radical, in particular Theorem II. 2.2. Furthermore, FI, satisfies Theorem 
IT. 4. 1 and the last two properties satisfy Theorem II. 6. 3. 

To prove that FI, satisfies IJ. (D) we consider an #J,-ring À and an 
ideal A in R. If A is not an FI,-ring then A contains an ideal Q such that 
A/Q is not an I-ring and, evidently, A/AQA cannot be an J,-ring. Hence 
we may assume that Q is an ideal in R. If J/Q is a right ideal in A/Q 
which does not contain an idempotent, then since R/Q is an I,-ring, JA C Q. 
The set {x| zeA, sA CQ} is an ideal T in R. If Ts4£0 mod Q then it 
contains an idempotent e mod Q but then e? eed C Q which is impossible. 
This proves that J = 0 mod Q; that is, the validity of II. (D). Before 
proceeding with the -proof of the conditions II. (G,) and IL (G) we show 
that the ring A, is an J,-ring if and only if À is such. Indeed if À, is an 
I-ring, one readily verifies that À is also an Jy-ring. Let R be an J,-ring 
and let J be a right ideal in Ra. Since À cannot have a left annihilator we 
have Jk, 540. Hence, J(cuf) 0 for some îi. We can also see that the 
coefficients of cu of the matrices of J (cuk) constitute a non zero right ideal 
in Æ. This ideal contains an idempotent e and one readily observes that 
the matrix of Jey which is of the form ecu +: -.- is an idempotent of the 
ideal J, q.e. d. We turn now to the proof of II. (G,). Let R be an FJ,-ring. 


° This proof holds only for the properties FI, and FI, and it is not known whether 
it is valid for FI. 
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Let Q be an ideal in Ry. Since R,QA, = Tp, where T is an ideal in À we 
have £,,/h,QHh, = (R/T)»x The latter is an o-ring since R/T is such, 
hence R,/R,QR, and therefore, also Ra/Q is an [o-ring which proves that À, 
is an FIo-ring. To prove II. (G.) let À be an FJ,-semi simple ring. If R, 
is not #/,-semi simple then it contains an ideal Q which is an FIc-ring. Now 
Q/R;:QR, can be an I-ring only if Q = F,QR,. Let T be an ideal in Æ such 
that R,OR, = Tn; then for every ideal P in T we have Q/Pn = (T/P)n. 
Since Q is an FJ,-ring, T/P must be an Io-ring. This proves that T is an 
FT.-ideal in À hence T —0. Therefore Q = 0 which proves II. (G2). 

The properties FI (FIs, FIr and FI,) are symmetric, in the sense that 
if a ring À is -ring then also every non nil left ideal in À contains idem- 
potency ([10]), and conversely. | 

We conclude with the remark that the following relation exists between 
these radicals: FI (R)  FIg(Rk) 2 FTL(R) 2 FI (F) for every ring À, and 
all these radicals contain the maximal regular ideal of the ring À which was 
defined in [5]. The last follows from the fact that a regular ring is also 
an FI -ring. 
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PAIRS OF QUADRATIC EQUATIONS IN A FINITE FIELD.” 


By L. CARLITZ. 


1. Introduction. Let Q(x) == Q(21,: - ©, @r) denote a quadratic form 
with coefficients in the finite field GF (q), q odd. If 8-0 is the discriminant 
of Q, then it is well-known that the number of solution of the equation 
Q (én, £) =a (ée GF(q)) is given by 


(1.1) gs + gp ((— 1) 8a) (r= 28 +1); 
(1.2) q= + gy ( (— 1) 8)k(a) (w= Bs), 
where ¥(a) = 0, +1, — 1 according as «== 0, square or non-square of 
GF (q), and k(0) =q —1, k(a) = — 1 for «340. 


If Qı and Q- denote two arbitrary quadratic forms then the question of 
the number of solutions of the system Q1(&,-:--,&) = a, Qo(&,° °°, &) = B 
seems to be much more difficult. In the present paper we obtain a number 
of results concerning such systems. In particular we consider the following 
problem. Let Q,,---,@Q, denote r nonsingular quadratic forms with coeffi- 
cients in GF(q) in nonoverlapping sets of unknowns; let B:,- + -,8, be 
distinct and a, 8 arbitrary numbers of GF (q). Let N — N(a, 8) denote the 
number of solutions of the system 


(1.8) QES) + °° HQE) BQO) +: + 80,0) = B, 
whre é stands for (&,,- - -,&,). Thus the total number of unknowns is 
(1. 4) s= 6 +-:--:+58,. 
The case 7 = 1 is trivial. Also the case r — 2 may be reduced to 

(B2— Bi) Qi) = aBo — B, (B1 — Bx) Q2(E) = a8, — P, 
so that the number of solutions of the system may be found by means of 
(1.1) and (1.2). We may accordingly suppose r = 3. 


Fairly simple results for N(«, 8) are obtained if certain additional 
hypotheses are introduced. For example if all the s; are even then 


(1.5) QN (e, B) | 
ot H BYE DCE NC 8) — DCE — 98) 
+ k(a)k(B) + Ela) + K(8)}, 
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where & is the discriminant of Q, and = [[¥y(8), while &(«) has the 
same meaning as in (1.2). For the general case see Theorems 3-6 below. 
We find that in certain cases the number of solutions is expressed in terms 
of the sum 


_ (1.6) 2a ¥((A— 81) +  : (A —B:)), Ae GF(q); 


where it is assumed that s,,- - -,s; are odd while the remaining s; are even. 
Now in some cases the sum (1.6) can be evaluated explicitly. For example 
Jacobsthal [5] has discussed the sum $, y(A(A?—1)) in the case g = p. 
It is easy to extend his result to GF (q) and thus get simple explicit formulas 
for N(«, 8) in certain cases (see Theorem 7 and 8 below). It may be 
remarked that (1.6) can be evaluated in some additional cases. For a 
systematic discussion of Jacobsthal sums see Whiteman [8], [9]; we shall 
however not apply these results in the present paper.’ 

In the next place we discuss a conjecture of André Weil [7] for the 
homogeneous system (1.3) with a=—B==0. Let N@ denote the number 
of solutions in the enlarged field GF(g"); let Nm denote the number of 
“rational points” where (q¢q—-1)N,,=N™—1, then we verify that 
> Nu — d log Z(u)/du, (m Z1), where Z(u) is a certain rational 
function. 

Finally we discuss briefly the case q == 2". We now suppose 


(1.7) Q(u) = 2 tity (ay e GF (2") ) 


and use some results of Dickson [3], § 199, on normal forms for (1.7). 
In particular if Q (u) is of even rank then it possesses a certain invariant 6. 
We find that if each Q; is of even rank s; then the number of solutions of 
(1.3) satisfies 


(1.8) gN (a, B) = 9 + WE 3 (gi (81) — 1) (8 — af) 
+ h(a)k(B) + kla) + k(8)}, 
where 1(0) = 1, 1(8) = — 1 for 8540, 1==]]T1(8;); note that (1.8) and 


(1.5) are very similar. If some of the s; are odd the final results are some- 
what simpler (see (9.19), (9. 20)). 


2. Preliminaries. If g == p”, put 
(2.1) e(a) = errti(a)/p, t(a) =a La? He +--+ ger, 
Then it is familiar that 
(2) Ze(as)=g (a—0), JZ e(a) —=0 (2540), 
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where the summation is over all Be GF(q). It follows from (2.2) that the 
function &(«) occurring in (1.2) satisfies 


(2. 8) b(a) = X e (a8). 

We next define the Gauss sum [1], § 3, 
(2.4) Gla) = Felag) (270); so that (2.5) Ga) —y(a) 41), 
where ¥(a@) has the same meaning as in (1.1) and (1.2); also 
(2.6) @ (1) =¥(—1)4¢; (2. 7) > 4(B)e (48) = G (a), 
valid for all « (including « = 0). If Q(&,---,é&) is a quadratic form 


we put 


(2.8) G(Q) = Z'e(Q(é,: : +, é)); hence (2.9) G(Q) = ¥(8)G." (840), 


if § is the discriminant of Q. Making use of (2.2) it is evident that the 
number of solutions of (1.3) satisfies 


(2.10) ENS TAXE Que) —Aapeln E BOE) — 8}, 


where A, p independently range over the numbers of GF (q) and Se indicates 
a summation over the s numbers {9 (7 = 1,---,s;). Using (2.9) we may 
rewrite the right member of (2.10) as l 


(2.11) Ze(— aa + wf) IT GL (A— nf.) Q). 


In order to simplify this expression we break the sum into several parts. 
In the first place the term A= p = 0 contributes g°. Next if À = pf; for 
some fixed 4 and u +40 we get 


r 
q È e( (8 — aBi)n) IT G{ (Bi — Bi) eQ} 
470 j=l 
— qG (1) Sy (ure (8—aBi)u) TD ¥((Bi— 8983), 
where à; is the discriminant of Q, and the prime refers to the exclusion of 
j==1. Thus the total contribution of these terms is 


(2.12) $ nga (1) Z y(u) e( (8 — aBi)n), 


(2. 18) n=] Y ( (8: — Bi) *8;), 
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where 7=41. The remaining terms in (2.11) give 


(2.14)  G*(1) 2 e(— Aa + pg) IT yC(A— uB)#5), where Ao phi 


Substituting from (2.12) and (2.14) it is clear that (2.10) becomes 


. FN =g + S rig G9- (1) Dy (ws) e( (8 — aB;)n) 
(2.15) = à 


+ G°(1) F e(— a+ nB) TEY (A — Bi) ; 


the summation may now be extended over all A, » since the additional terms 
vanish. Further simplification of (2.15) depends on the introduction of 
certain additional hypotheses concerning «, 8 or the Qj. 


-3. The case s; even. If all the s; are even then, first of all, (2. 13) 
becomes 


(3.1) IL) = Gr GAD r= IL WB). 

As for (2.15) it evidently reduces to 

(82) gg + Èra) Ze((8—aB)u) 

“4 r@ (1) D e(—àa + pf), 
AB: 


where 7, i are defined by (3.1) and the last sum is over all À p such that 
À >= pbi for any t. This sum evidently is 


Se(—da+ us) —S Ve((B—aBi)u) —1 
Ast izi p40 . : 
me eC) (RUB ek) = 2 a aR 
where we have used (2.3). Thus (3.2) becomes 
N = gt + r $ (8) gem (1) — G (1) Ye (B — af) 


+ raS (1) (k(a)k(8) + ka) + k(B)). 
Finally by means of (2.6) we can eliminate G(1) and (3.3) takes on the 
following explicit form. 


PNB) = q + (INR S (U 18) g — 1) (8 — afi) 
+ (12) (l(a) CB) + (a) + ECA). 


(3. 3) 


(3. 4) 


We may now state 
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THEOREM 1. If all the s; are even then the number of solutions of the 
system (1.3) is given by a 4), where 3; is the discriminant of Qi and 
T= I y(8;). í 


This result may be compared with (1.2). The special case «a = 8 = 0 
is of some intereste. We state 


THEOREM 2. If all the sı are even and in addition « = B = 0 then the 
number of solutions of (1.3) satisfies - l 


. g°N(0, 0) = 9° + rH((— 1)*)g#(¢ — 1) 
3. 5 
x { Sy LEs) + q + 1—r}. 


The following special case of Ge 1 may be mentioned. The number 


of solutions of the system ém ve -+ ér = @, Bém +: > + Br = B 
is equal to 


gr? + gg — 1) È RE — aB) + gele) + kla) + EC). 


As a partial check of (3.4) and (3.5) we remark that for r= 2 the 
two formulas are in agreement with (1. 2). 
It may also be worth noting that for a= 0, 80, (8.4) becomes 


(3.6) ENO, p) = gt + rH((—1)#) S Bg (BO). 


4. The general case, If one or more of the s; is odd, the situation is 
rather different. The final results depend on whether the number of odd s; is 
itself odd or even. Let us assume the s; so numbered that s,,- - - ,s; are odd, 
1Sitssr, while s4:,:--,s, are even. In the double sum in (2.15) the 
terms for which »—0 contribute ` 


(4.1) Se(—ra)y(atye o C=): 


To evaluate this sum we use (2.3) or (2.7) according as ¢ is even or odd. 
It follows that (4.1) is equal to 


(4.2) k(a)r (t even) or y(—a)G(1)r (t oda). 


The remaining terms in the double sum in (2.15) give (on replacing 
À by Ap) 


(3) EB ea + Bay) IL VA — BD IT YO — B). 


+ 
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Again using (2.3) and (2.7) we find that (4.3) reduces to 
(4 4) T 2 k(— Aw + B)T(X) (£ even) or rG(1) 2 y(— Aa + B)T(A) (t odd), 


where `> 


(4.5) TA) ITA — 8) ITA — 8)" 
Turning next to the sum 
(4. 6) 2 (wh) e ( (8 — aBi)n) 


occurring in (2.15), we remark that s==¢ (mod 2), so that (4.6) reduces to 
(4. 7) k(8—aBi) («St for t odd, t > t for t even) or G(8 — aB:) 
| (otherwise). 
Let K; denote the sum > in (2.15); it follows from (4.7) that 
i 


Ki = À nagae — af) +$ ngra) G(B— aB;) (t odd) 
(4. 8) l | 
Le Š ag Gen(1)G(B— api) + Š ng Q(B — aR) (t even), 
where by (2.13) 
(4.9) ri 7ÿ(G) Ir WBi— Bi) GE i) or ri = 1H(8) H y(Bi— 8) (> 4), 


the prime indicates 7542 and as before 


(4. 10) r= YO). 


If we now collect the terms corresponding to (4.2), (4.4), (4.8) we see 
that (2.15) reduces to ` 
PN = q + Ke + (ea) + E e—a + TA) ( even) 
(4. 11) : 
PN = g + Ke + (W a) + D p Aa + BITA)}rG (1) (E odd). 


This proves 
THEOREM 3. If S: -,s, are odd while Snz,* * +, Sr are even then the 


number of solution of (1.3) satisfies (4.11), where Ke T (à) are defined by 
(4.8) and (4.5), respectively, and + is defined by (4.10). 


Ti ¢==0, (4.11) should coincide with (3.4). Since by (4.5) and (4. 8) 


mee È CB)" GLC — of) 
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and kla) + D k(— ka + B) is k(a) if «a0 and k(a) + K(B)q if a= 0, it 
À | 
follows that the first half of (4.11) does indeed reduce to (3.4); this 
furnishes a partial check for (4.11). 
In the second place if t =r = 2, 


Kı = Y((B1 — Bo)82)9qG(1)G(B — aB1) +4 (B2— B1)8:1)9g#G*(1) G(B — aß). 
Also k(a) tome eos Aer CN Be) (A— B2)) | 
=—1— X y((à— Bs) A— Ba) + g4 ( (8 — 28s) (8 — aBa) ) 


= q4 ( (B — 481) (8 — «B2) ) 


for «540, while for a == 0 we get g—1—k(8) = qy(f?). Thus the right 
member of (4.11) becomes 


{q5 + Eey ( (— 1) 86-8, (aBa — B) (B2 — Bi) } 
{gta + edy ( (— 1) 86-8, (8, — B) (Ba — Ba) J» 


in agreement with (1. 2). 


5. Some special cases. If «540 we may replace the second equation 


in (1.3) by (B— 4B.) Q.(E) +>: > + (B— afr) Q,(E) —0; in other 
words there is no loss in generality in assuming that 8—0. With this 
normalization, (4.11) becomes 


GN (4, 0) = g + Kia 0) + Ce) + SEC Aa) Ta) EU) 
(5.1) (t even), 
g°N(2 0) = 9" + Kilo 0) + {—2) + E ATOA rG) 


(t odd), 
where 7(A) is defined by (4. 5), 


Kila, 0) = À rahGrn(aye(— ap) + S rg 28) 
(5. 2) | (t odd), 
Kila, 0) = È rg GG afi) -HE rga) ahi) 
2=1 4=t+l ( i even), 


and 7; is defined by (4.9). The formulas (5.1), (5.2) are valid for all a. 
This proves 


THEOREM 4. If Sı, + +, 5; are odd while s44,,: © -, 8, are even and B = 0 
then the number of solutions N(a,0) of (1.3) is determined by (5.1) and 
(5.2) together with (4.5) and (4.9). 
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As already pointed out if «540 then Theorem 4 involves no specializa- 
tion. However, the case a = 0 is not covered (see Theorem 6 below). 
In particular if « = 0 it is easily verified that (5. 1) and (5.2) reduce to 


(5. 3) q°N (0, 0) = g* + K:(0, 0) + (g —1){1 + 2 TAEC) 
or gN(0, 0) = q° + K:(0, 0) 


according as ¢ is even or odd, where, in the respective cases, 
T 
(5.4) K4(0,0) = (g—1) Z rga) 
gate 


t 
or K4(0,0) = (g — 1) D rig G1) 
(7; is defined by (4.9)). This proves 


THEOREM 5. If s,,:::,s; are odd while S1, * * , 8 are even and 
a — B—0, then the number of solutions N(0,0) of the system (1.3) is 
determined by (5.3) and (5.4). 


Returning to (4.11) let us take œ = 0; since the case « = 8 = 0 is 
covered by the last theorem we may assume 80. We find that (4.11) 
reduces to 


g’N(0, 8) = g + K,(0, 8) + {q — 1 — 2 T(A)}rGs(1) (t even) 


(5.5) 
GN(0, 8) = q° + K:(0, 8) + 2 T(a)y(B)rG##(1) (t odd), 
where 
K,(0, 8) = 2 riq GT (1) +, 2 eg GER) G(B) (t odd) 
(5.6) i 


t r 
K:(0, 8) = È ng GG) — 2 ngae) (E even) 


and 7; and r are determined by (4.9) and (4.10). We state 


THEOREM 6. If a—0, B0, the number of solutions N(0, B) of the. 
system (1.3) ts determined by (5.5) and (5.6). 


When t= r the results of this section simplify and it may be worth 
while stating the specialized results explicitly. In the first place we now have 


6.2) TO)=ILA—B), n=) TTC: — 8) Cee 
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In the next place, according as ¢ is even or odd, 


t t 
(5. 8) K (a, )) 1s ` rigst@s-81(1) G(— af) or > righ! GS-*(1)k(— aß); 
4=1 izl 
then N(«, 0) is determined by (5.1) together with (5.7) and (5.8). 
If a—0, B £0, then, according as ¢ is even or odd, 
t t 
(5. 9) K,(0, B) is 2 1q" G1) G(B) or — 2 rg GCI) 
and N (0, 8) is determined by (5.7) and (5.9). 


6. The sum $ T(>). Further simplification of (5. 1) or (5. 5) depends 
upon the evaluation of the sums 


(6. 1) EEM) TA)  Ep(—M)T(Q), BLA), 


where 7'(A) is defined by (4.5). We begin with the last of the sums (6.1). 
Put 


t 
(6.2) HET), PA) =I ya—Ad: 
then | 
r t 
(6. 3) Ji= ZT) + & Uyl Bj). 
À dst+l jal 
Now it is clear to begin with that 
(6. 4) J,—=0, (6. 5) ia, 


In the case £ == 3 the general sum can be reduced to one of the type 
(6. 6) F(8) = Z YAA — 1) (à — 8) ) 
with B40 or 1. Consider 
> PAB) = È WA — 1)) > yau — 1)) 2 y((A — B)(u — B)) 
= 2 ¥OAA— I) Z yA — B) 
+2 van — 1) Qu — 1)) > y((A — B) (4 — B)) 
ol et) Ca 2 HOA — a — D) = — eg — 1, 


by (6. 5). Since ((0) = Z yA —1)) = E ya —1)— y 1) =— p 1) 
and similarly f (1) = — y (— 1), it follows that 


(6.7) S f2(B) = P — 2q— 3. 
B40,1 


10 


+ 
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In the next place, generalizing [5] slightly, we put 


(6. 8) $B) = EVH) (8 0); 
then 

(6. 9) $(a7B) — y(a)p(8) | (a =£ 0), 
and therefore 

(6. 10) 2? (8) =$(¢—1) (¢°(1) + #°(r)), 

where y is any number of G#(q) such that (y) ==— 1. On the other hand 
exactly as in the proof of (6.7) we have 

(6.11) + Zee) = +y) a 

Comparison with (6.10) leads at once to 

(6. 12) p (1) + CU) = RC + o(—1))¢- 

It is evident from (6.12) that 

(6. 13) $(8) = 0 (g=3 (mod 4)) ; 
(6. 14) (3¢(1))* + Gea) =a (4 =1(mod 4)). 


It is clear from (6.8) that ¢(8) is even for all B; also since 


E (1—yA))(1— pa DE — YA — 0) = 9 — 38 — iI 
(mod 8), 
it follows from (6.9) that 


(6. 15) 46(1) =—1 (mod 4). 


We may restate (6.14) and (6.15) in the following way. Put a = 4¢(1), 
b = $4(y), then 


(6. 16) a -+ 6? = 9, a= — 1 (mod 4). 


Moreover (6.8) implies 


5 #7 du tak iiaa- — (22 — 1) \ gen 
#(8) = s S ( oo (iq) | 


and therefore using a pam property of binomial coefficients 
À Afym—1)\» 
Gin a= (FER) ne (nod) =p); 


(6.18) a= (1) =— (507 R) (mod p), 
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where ¥4(— 8) = Bi@-1), It is clear that a is uniquely determined by means 
of (6.16) and the first of (6.18. We have thus generalized Jacobsthal’s 
theorem. | | 

In the next place we have the easily verified relation [4], p. 227, 


(6.19) EKA— L): A— 8) =W EVAN DA +p), 

where the f’s are distinct, n = (81 — £s) / (£1 — Bs) and 

(6.20) p— (BiBs, Bapa) = (Ba — B3) / (Bı — Ba) + (B: — Bs) / (Ba — Ba), 
the cross-ratio of 81, Ba Bas Ba In particular if p = — 1, then (6. 19) becomes 
EKA— B) A— L) — w) EVA —1)) 


= (~ 1ye), 


by (6.8) and (6.9). Then when B:, 82, Ba, Ba form a harmonic range the 
sum J, (defined in (6.2)) is expressed in terms of (1). 


(6. 21) 


Returning to (6.1) it is apparent that each of the first two sums can 
be expressed in terms of the third. Thus 


(6.22) Hk(—Aa) TA) =— ETA) + 47 (0) (a0) 
and 


(6.23)  Dy(—ar)=p(—e) ELA), PHA) — HOT). 
We also remark that by a theorem of Weil [6] 
(6. 24) = P(A) = 0(¢@) | (q—w,tZ=1). 
À 
For a systematic treatment of Jacobsthal sums, see [8], [9]. 


7. Applications. In view of the results of § 6, some of the formulas 
of § 5 can be made more explicit. For example if t= 4, (6.3) becomes 


(7.1) Era) -1.4+E Tee), 
where Dii 
(7.2) Tom EAL) (AB). 


We assume that the cross-ratio 


(7. 3) (B1B2; Bal: = — |]. 
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It follows from (6.21) that 


(7.4) Ja = 2a(—1)4- (y) (4=1 (mod 4)), 
where a is determined by means of (6.16), while 

(7.5) J = 0 (q = 3 (mod 4)). 
On the other hand if t = 3 and 

(7. 6) 281 = Ba + Bas 


then we have 


Ja = E KA —B)A— B2)(A— Bs) = W(B: — Ba) E YAQ? — D), 
so that | 


Js = 2a(— 1U (ba — Ba) (q==1 (mod 4)) ; 
(7.7) 
Ja == 0 (q ==8 (mod 4)). 


Let us now return to (5.1). We have 
(7.8) 2 k(— da) P(A) = h(a) 2 P(r) + (q—1—k(a))T(0). 


Then if ¢ — 4 and (7.8) is satisfied, the sum in the right member of (7.8) 
is evaluated by means of (7.1) and (7.4) or (7.5). If t=3 we may 
assume @% =< 0; then | 


Ey) (a) = ¥(—2) SHOT). 


Since W(A)T1(A) =y (A(A— Bı) A— Bz) (À — B:)), the condition (7.3) 
reduces to 


(7.9) (BiB) (Bs PO eye; 


(provided 6,828,740). Then the sum $ y(A)T(A) is determined by means 
of (7.4) or (7.5). If Bs == 0 we get 


2 Y()T: (A) = 2 y (A — Ba) (à — 2) ) = — 1 — 4 (Bb2). 





If ¢==7 the above results are particularly compact. We state 
THEOREM 7. If r==t = 4 and (7.3) holds then N(a,0) satisfies 
(7.10) gN (a, 0) = 9° + K.(a, 0) 
+ (a) (Ja + 1) + q—1—#k(a)y(B1B2B3B2) }rG8 (1), 
where J4 is determined by (7.4) or (7.5). 
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If r=t==3 and (7.9) holds then N(a,0) satisfies 
(7.11) gN (a, 0) =g + Ks(a, 0) + y(— a) (Ja + 1)rGe" (4), 
but tf BiBeBs = 0 then 
(7. 12) gN (a, 0) = 9° + Ea (%, 0) — y (— aBiB:)r GE (1). 
In all cases Ka, Ke are Vane by (5.2). 


Turning next to Theorem 6 the situation is similar. We again assume 
t=<=7 and state the following 


THEOREM 8 If r= t= 4 and (7.3) holds then 
(7.13)  gN(0, B) = 9° + Ka(0, B) + (g —1—dJa)r@ (1). 
If r — t = 3 and (7.6) holds then 
(7.14) JN (0, 8) — 9° + Ka(0, B)Jap(B) 7G (1). 
Here Ka, K; are determined by (5.2), Ja, Ja by (7.4), (7.5), (7.7). 


8. Conjecture of Weil. Let NV denote the number of solutions £,() 
in the extended field GF (q™) of the system 


QED) Ae HO) = 0, RQS) +: BOQEN) = 0, 
and let Nm denote the number of “rational points,” so that 
(8. 1) NN = 1 + (g™—1) Ny. 


Consider first the case covered by Theorem 2 with all s; even. For brevity 
we put 


(8. 2) SR, S22, é&[= y (— 18i é= W((—1)*)r. 
Then (3.5) gives 
NO) = gene) 4. gele- (gm —1)( À gmgme 1. gm(gm 1. 1 — 7) 
and by (8.1) this implies 
Nn = (QE — 1)/(q™ — 1) + gre È eg ee Er), 


Next following Weil [7], p. 507, we put 


(8. 3) Ÿ Nu = d log Z(u)/du. 


mi 


A 
r 
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Now a straightforward computation yields 


co 22-3 r 
D Nu" ee 2 gi/( ese qiu) —— 2 q7? (1 gige) 


age — ég u) — (r — Lege Lege) 
thus (8.3) implies 
(1 ATE Eq**w) rod 


(1 — qu) TT GA — g'u) Ty (1 — kg") 


While the right member is of the form conjectured by Weil, Z (u) apparently 
does not satisfy the conjectured functional equation. However it should be 
observed that the variety defined by the pair of quadratics has singular points 
and is accordingly not covered by Weil’s conjecture. 

In the next place we consider (5.3) with fr. We suppose first that 
t is even. Then it follows from (5.3) and (5.4) that 


NOM) — gin(s-®) + ( g” a 1) {1 + > Tim) ( d) }oG"8(1) gen 
\eGF(g") 


where T™ (à) indicates that the T-function is defined over GF (q™). Using 
(8.1) we get 


(8.5) Nu (ge —1)/(g*—1) + {1 + ET) jame (1) gen 


(s = 22). 
Now by (2.6) 
(8. 6) mGme (1) = y((— 1) + 2 B)” — erg 
Also Davenport has proved [2], that 
(8.7) — D P(A) = que p e Le grees, 


Ae GF(q™) 


where the w’s are the zeros of a certain L-function. Hence using (8.6) and 
(8.7); (8.5) becomes 


oO 22-3 
2N mu”! = 2 q'/(1— qu) + ég"/(1— gq? °u) 


221 
S eget (1 — eget), 
Therefore by (8.3) we get 


(8.8) Z(u) = TL (1 — égen) /{ (1 — tgu) TE (1 — g'u)), 


which is of the conjectured form. 
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Finally in the case t — r, ¢ odd, it follows from (5.3) and (5.4) that 


(8.9) N = gs- + (g™—1)qg™ > y” ( (— 1) a@-88)) zmgamsrso), 


Now put s == 22 + 1, sı = 2zi + 1, & = #((—1)#%)r;; then (8.9) implies 


l t 
N,— ( qm@e-t) a 1)/(q* fates 1) + 2 Egger). 


ÈN nn =E (1 — g'u) + S ég/ (1 — gu). 
Hence by (8.8) 
(8. 10) 2(u) = TE (1 — gu) TI (1 — bgu), 
which again is of the conjectured form. 


9. The case q = 2". The typical quadratic form is now taken to be 
(9.1) Q (u) = à ie (aj ¢ GF (2")). 


Assume that @ is not Pa to a form in fewer than r indeterminates. 
Then it is known ([3], § 199) that Q can be reduced to 


(9. 2) Ustia ` > + Uossl2s + Uas” (r = 28 -+ 1), 
or to . 
(9. 3) Urta + + + F Uas-atbos-2 + Uss—1” F Uosis ~f- SU25" (r == QS y 


where § = 0 or is such that the form u? + uv + Bu? is irreducible over GF (q). 
We may call 8 the invariant and r the rank of Q. 
We next define 


(9. 4) G(Q) =D e(O (1° s &)) 

exactly as in (2.8). Since 

(9. 5) 2 e (én) = 2 0 (6°) = 0, 

it follows at once that, according as r == 2s + 1 or r == Qs. 

(9.6)  G(Q)—0 or (9.7)  G(Q)— q7 2 e(E? + En + dn°), 


where à has the same meaning as in (9.8). When 6==0, the sum on the 
right is evaluated by the first of (9.5). When Æ 0, it is readily seen that 
the equation ‘ 


(9.8) E + Ep + Sy? = a _ (a0) : 
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has precisely g + 1 solutions. Indeed it is clear that the number of solutions 
of (9. 8) is equal to the number of solutions of € + n + ôy? = af? (aß 4 oy 
But since every non-zero number of GF'(2") can be expressed in the form ~™ 
af”, the assertion about (9.8) follows at once. In other words we have 


(9.9) N(E + &y + $y? =a) (a) +2 (50), 
where k(«) has the same meaning as in (1.2). Thus (9.7) becomes | 
(9.10) G(Q)——g (840), G(Q)—gt (3—0)  (r—26). 


It now is easy to show that the number of solutions of Q(4,,:--,&)=« 
is given by 


(9.11) N =q" (r= 2s+1), N =g + gka) (r= 2s), 


where {(0) = 1, 1(8) = — 1 for 840. The first half of (9.11) is imme- 
diate; to prove the second half we have i 


qN = Z e(a) GQ) = g + X e(— 0) GQ). 






The stated result now follows on using (9.10). 
In the next place we set up a problem like oe 3). Let N(a, 8) denote 
the number of solutions of | 


(9.12) QED) +--+ 4+ OEM) = a, BEI) +: > + + BOE) = B, 


where now the Q; are of the form (9.1). As before Q; is of rank s; so that 
the total number of unknowns is again s=s,+----+s, Clearly (2.11) 
remains valid. We break up the sum as before. Thus the term à = p = 0 
again contributes q. Secondly if A = uf; for fixed it and u ~0 we get 


(8.18) gS e((B—aBi)m) IT G((B— BQ) (ji). 
The remaining terms of (2.11) yield 
(9.14) E'e(—aa+ nf) TI GA — B) Q) (A wf. 


Suppose now that all s; are even and let 8; denote the invariant of Qj. 
Applying (9.10) to (9.14) we get 


(9.15) Z e(a +8) : gl IT (8) A HB) 5 
similarly (9.13) yields 


(9.16) gh Se((B—aBi)n) MTV TR) Gæi). 
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Hence we obtain 
PN (a, B) = qi + Ig È (1è) — 1) k(B— afi) 
+ Ig (H (a) (E) + (a) + (£), 
where | = IT 1(8). In particular for æ — 8 = 0, (9.17) becomes 


(9.17) 


(9.18) gN (0, 0) = g* + (g — Di È U8) +g + 1—7) 


As for the general case s,,- * ,8: odd, Sin’ * * ; Sr even, it is clear 
from (9.6) that (9.14) vanishes for t = 1; indeed the same is true of (9. 13) 
for =? This evidently implies 


(9. 19) N(a, B) = q (t= 2). 


In the remaining case (t = 1) we get 


(9.20) GN(a, B) = gt + POEB — af.) ITU) (t—1). 


We may now state 


THEOREM 9 (g==2"). Let s,:--,s, be odd, St," +, Sr even. Then 
the number of solutions of (9.12) is gwen (9.17) for t= 0, (9.19) for 
t= 2, (9.20) for t == 1. 


It may be remarked that it is easy to give a direct proof of (9.19) and 
(9.20) using only (9.2) and (9.11). For to begin with the number of 
solutions of (9.12) is clearly the same as the number of solutions of the 
system. | 

QED) ++ + +. QUE) — a, | 
(9.21) 


(Bz — Br) Q: (EP) + +++ (Br —B)Q (8) = B— af, 
Now the number of solutions of the second of (9.21) can be obtained readily 
from (9.11). Finally we observe that for fixed €@),- - -., £®), the number of 


solutions of the first of (9.21) is 6rd, Formulas (9.19) and (9.20) now 
follow. | 
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TOPOLOGICAL PROPERTIES OF HOMOMORPHISMS BETWEEN 
BANACH ALGEBRAS.* ? 


By BERTRAM Yoon. 


1. Introduction. Let B and B, be two (real or complex) Banach 
algebras. A number of known results [3], [6], [12], [13] give conditions on 
the algebras under which certain classes of homomorphisms of B into B, 
automatically possess topological properties. These results are useful in 
representation theory, in the uniqueness of norm problem [12] and are of 
intrinsic interest. In §§ 3, 4 we give a unified treatment of results of this 
. type and related matters where we have tried to reduce the assumptions on 
the algebras to a minimum. Here, in algebras with an involution, the involu- 
tion can be either an isomorphism or an anti-isomorphism.? The basic type 
of Banach algebra studied is the p*-algebra where all that is assumed is that 
it is possible to find an involution and a non-negative sub-additive function 
| | defined on B, vanishing only for z = 0 and majorized by the spectral 
radius for self-adjoint and skew elements. This is a generalization of the 
A*-algebras of Rickart [12]. § 3 is devoted to showing that all of his results 
for these algebras carry over to the p*-algebra case. In particular every p*- 
algebra has the uniqueness of norm property. 

For the bi-continuity result (§ 4) the domain algebra B is a p*-algebra 
where |a—y| is a metric making B a space of type (F) and where self- 
adjoint elements have real spectra. This is a generalization of B*-algebras 
and the *-algebras of Arens. Any *.1somorphism of B into a p*-algebra is 
bi-continuous. 

Every p*-algebra is semi-simple. In § 5'we pass to the study of algebras 
with non-trivial radical in the case of a complex commutative regular Banach 
algebra B. We obtain results on homomorphisms (Theorems 5.8 and 5.4) 
which, when B is semi-simple or is a B*-algebra, in the main reduce to 
recent results of Rickart [13] and Kaplansky [6]. 


* Received November 28, 1952; substantially revised, August 24, 1953. 
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? This is possible, in part, because the present treatment unlike its predecessors 
does not use the combination æx* if œ is not normal. Also note that wæ* = 0 is possible 
without w = 0. | 
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This paper is a continuation and extension of the work of Rickart and 
Kaplansky [6], [12], [18]; our scientific debt to these authors is cheerfully 
acknowledged. 


2. Notation. Let B be a real Banach algebra. For the notion of spec- 
trum see [6], [12]. a(x) denotes the spectrum of ve B which is defined 
to be the usual complex algebra spectrum of (7,0) in the complexification 
of B. For our purposes we may omit 0 from a (a). If E is a subalgebra of 
B we use a(x | E) for the spectrum of æ as an element of E. p(x) is the 
spectral radius of æ (=sup|A|,Aea(z)). If B admits complex scalars 
then a(x) can differ from the usual spectrum o(x) of « Some of our 
hypotheses involve the spectrum as a point-set, but our results are also valid 
if B is a complex Banach algebra and the term spectrum refers instead to 
o(#) (even though the involution and homomorphisms need only be real 
linear). Essentially the same arguments prevail. By an involution on B 
is meant a mapping v- 2* which is additive, real-homogeneous, of period 
two and either (#y)* = y*x* for every x,yeB or (xy)* == 2*y* for every 
x,y. Let H(K) be the set of self-adjoint (skew) elements of B. Then, as 
usual, B is the direct sum H @®K. B is a p*-algebra if there exists an 
involution and a real function |x| on B, | «| 20, |x| = 0 if and only if 

=0,{e¢+y|S|el+|y|and|c|Sp(z),ceHUK. Any such func- 
tion | æ | is called an auxiliary function for B. If | «| can be chosen so that 
| x — y | is a metric in which B is a complete space of type (F), ([2], p. 35), 
Bis a p,*-algebra. Bis Hermitian real if the spectrum of every x e H is real 
and C-spectral if, in addition, the spectrum of every xe K is pure-imaginary.® 


3. o*-algebras. By an A*-algebra [12] is meant a Banach algebra in 
which there is an (anti-isomorphic) involution s —+* and a norm [2 | in 
which it is a normed algebra and a number k > 0 such that | z |? = k | z*z | 
for all x. By the arguments of [12], p. 626, every A*-algebra is a p*-algebra. 
The converse is an open question but appears to us to be highly unlikely, 
there being no evidence in its favor. Note also that the definition of a p*- 
algebra permits involutions not allowed in the A*-case. A difficulty in 
trying to exhibit a p*-algebra which is not an A“-algebra is that somehow 
one must examine all possible anti-isomorphic involutions and with each all 
possible normed algebra norms. We feel that the notion of a p*-algebra is 


$ The C-spectral property does not follow from the Hermitian-real property for real 
Banacl algebras. Consider, for example, the algebra of all real continuous functions on 
[0,1] where æ*{(t) =a(1—?). 
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simpler and more natural than that of an A*-algebra. In any case we shall 
develope the theory of p*-algebras up to the point reached by A*-algebras. 


3.1. Lemma.* Let B be a Banach algebra with an involution. Then 
the following statements are equivalent. 


(1) The involution is continuous. 
(2) H and K are closed. 


(3) Suppose that for x =u + v where ue H, ve K we define a norm 
l2l,.—2([ul +] ol). In this norm B is a Banach algebra. 


Assume (1). Let T be the involution and J the identity on B. Since 
I+T is continuous, (2) follows. 

To show that the norm | x |, defined in (3) makes B a normed algebra 
it is sufficient to verify that | ey|isiieviijy |. Let t= u, + v; 
y = us + V where each tge H, ve K. Then 


LY = UU + Vide + (Ura + Ville) = W, 
say, and 
WE = Vols + Voy — (Vols + Uat). 


The decomposition of w according to B== H @ K gives 
w—= 4 (0 + w*) + 3(w—w*) 


and 
|w j = | + uw +i o—wv* | Se(leol+ie*)) 
S 4([j | + er) Cl we + fol) = ee tall y la 


Now assume (2). Let || Em — £n |1 —> 0 and write £n = un + v, with 
Une H, ne K. Then | Un — Un | — 0 and | vm — va | — 0. Consider u, ve B 
where Un > U, vn — v. Write u =r +- s with re H, seK. Then u,—reH 
and || un —r—s||—0. By (2), s—0 and thus ues H. Similarly, ve K. 
Hence for & = u + v, ||.t,—2 | — 0 and B is complete in the norm of (3). 

Assume (3). Since |h 2 || 2 ||, by [2], p. 41, the two norms give 
the same topology. Since | +* |ı = | v |:, the involution is continuous in 
the original norm. 


3.2. Lemma, Let B be a Banach algebra with an involution. If 
H(K) is closed then, for y in HAK (KANA H’), y =0. 


Clearly that H(K) be closed is equivalent to K N W (H N K’) being 
the zero element. Let H(K) be closed, a,eK(H), t—-y, ye H(K). 


t The modification of the proof to cover the case where the involution is an iso- 
morphism is clear. 
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Let ve K. Then 2, — va + %veH(K) and 2, — vy + yve K(H). Thus, 
by the closure assumption, vy + yv = 0. Then vy + yv =Q also for all 
ve K’ and we obtain y? = 0. 


8.3. Lemma. Let B be a Banach algebra with an involution where 
there is a non-negative sub-additive function | x | defined on H, vanishing only 
for v = 0 such that |x| S p(x), ce H. Then y =0 for each ye KO H’. 


Suppose that sne H, £n —y, ye K. Now we may suppose that | — z | 
== | x | for we could use (|«|-+|—2]|)/2. We have 


(1) Kiel—lyPpjsSie—¢g|sSle—9h > (x, yeH). 


Let {w,} be a Cauchy sequence in H. By (1), {| w, |} is a Cauchy sequence 
of real numbers. Define f(w) on the closure of H by the rule that if 
w = liM Wn, w,eH, then f(w) =lim|w,|. If also w = mM yn y,¢ H, 
then, by (1), lim | wy | = lim | yn | so that f(w) is well-defined. Clearly 
f(w) is sub-additive on its domain of definition. A theorem of Hille ([5], 
Theorem 22.9.1) asserts that if G is any open set in the complex plane 
containing «(w) and 0, then there exists e >0 such that a(w,) C G for 
all n where || w,—w || <e (see also [10]). From this we obtain 


(2) f (w) = lim | wn | S lim inf p(w) S p(w) S | w |, 
(3) f(w) S p(w) =p(w*) & | w* |. 


Since H is closed under the operation of squaring, so is its closure and thus 
(y +: 2n)” are in the domain of definition of f. Also y*e H. By (2) and (3), 


0S | (y? +a)/2 | S Fily + ta)? /4] + FEC —m)7/4] 
S (L(y + an) ]* | + Iy tn) 73/4 


Also since || y? — £? || — 0 then |(y?—2,7)/2|—>0. Since 


| y? | SW + 2a?) /2 | + | (y? — 4?) /2 | 
we have | y? | — 0 and thus 4? = 0. 


3.4. Turorem. Let B be as in Lemma 3.3. If £? = 0 implies x = 0 
for ce (H N K’) U | KNB’) then the involution in B is continuous. The 
involution in a p*-algebra is continuous. 


_  , By Lemma 3.3 and hypothesis, K N H’ reduces to 0 and H is closed. 
‘With the aid of Lemma 3.2, our hypotheses now show also that H N KR’ — 0 
and K is closed. By Lemma 3. 1, the involution in B is continuous. 
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If B is a p*-algebra, then ce HU K, x? —0 implies that p(x) = | «| 
== 0 and z = 0. - 


3.5. LEMMA. Let A be a real algebra with an involution where no 
element « in HU K, x0 is quasi-nilpotent. Then. A is semi-simple. 


By ([5], Lemma 22. 15.1), either A = R, the radical of A, or È is the 
intersection of the maximal regular left (right) ideals of A. Consider the 
latter case. If the involution «—>2* is an anti-isomorphism then it takes 
a maximal regular left (right) ideal of A onto a maximal regular right 
(left) ideal of A and each maximal regular left (right) ideal is the image of 
such a right (left) ideal under the involution. Then in all situations the 
involution takes À onto E. Hence for any ye R, y + y*e R. Since these 
are quasi-nilpotent, our hypotheses give y = 0. 

Clearly any “-subalgebra (closed or not) of a p*-algebra satisfies the 
hypotheses of this lemma. 


3.6. Lemma. Let B be a p*-algebra and let B, denote a Banach algebra 
which is a *-subalgebra of B. Then there exists a constant O such that 
lel SCie. for ve Bi, where | x, | all, are the norms in B, B, 
respectively. 


Since p(x | B1) 2 p(z | B) for v in B, it is clear that B, is a p*-algebra 
with the same auxiliary function |s| as B. By Lemma 8.2 the involution 
is continuous in each of B and B,. Let ce B, x—u<+v, weH, vek, 
Then |z|<'ul+|vl=<p(u) +p) Siul |e]. Since, by Lemma 
8.1, 2(] ull +] vj) is a complete norm we obtain for some c, > 0, 
|e| Seale |, ceB. Similarly for some & >0, [t|<clæl:, ce Bi. 
Now || is a sub-additive function on B vanishing only for &—0. As in 
the proof of [12], Theorem 5.4, we obtain the conclusion. 


3.7. THEOREM. Every p*-algebra has the uniqueness of norm property. 
Let T be a homomorphism of a Banach algebra B into a p*-algebra B, where 
T(B) =[T(B)]*. Then T is continuous. . 


With the above results in hand, the proof is the same as that used by 
Rickart ([121, p. 627). 

In this connection we note that the uniqueness of norm property for a 
Banach algebra B implies that every possible involution on B is continuous. 


This follows by an argument of Rickart ([11], Theorem 8. 1). aa 


3.8. COROLLARY. Let T be a homomorphism of a Banach: algebr B, 


into a Banach algebra B, where there exists an auxiliary function | x | with 
. Fos Pi 


+ 


ta 
DR. 
, 
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|a|Sp(x), ceB, Then T is continuous. In particular, this holds if B, 
is a BO*-algebra. 


The continuity of T follows directly from Theorem 3.7 since it is 
permissable to use the identity as the involution in B, even in the non- 
commutative case. If B, is a BQ*-algebra [1] then results of Arens shows 
that p(x) =} s|, ee B,. This corollary is an extension of [12], Cor. 6, 
which gives the continuity of T where B, is a semi-simple commutative 
Banach algebra. 


4. Isomorphisms and 0.*-algebras. This section deals with the prop- - 
erties of an algebraic isomorphism T defined on a Hermitian-real p,*-algebra. 
Conditions are given which establish the continuity of 7-1 and the bi-con- 
tinuity of T. 

Consider the notion of C-symmetry [6]. Since this refers to the 
behavior of self-adjoint commutative subalgebras the notion makes sense in 
our extended meaning of the term involution. 


4. 1. THEOREM. 


(1) A Banach algebra B is a p,*-algebra if and only if there exists an 
involution and k > 0 where |x| S kps) ce HU K. 


(2) The class of all commutative p,*-algebras coincides with the class 
of all commutative Banach algebras for which p(x) is a complete norm. 
(3) If B is a C-spectral p,*-algebra then B is C-symmetric. 


(4) If B of (3) admits complex scalars and is commutative then it is 
a B*-algebra under an equivalent norm. | 


(1). Let B be a p,*-algebra with auxiliary function |æ |. By Lemma 
8.1 and Theorem 3,4 there exists M > 0 such that |x| SM || e|, ce B. 
Hence, by [2], p. 41, if |z„|—>0 then | 2, —>0. Suppose that the 
inequality in (1) is invalid for each & >0. Then there exists a sequence 
{tn}, GE HUE, | a, || =1, 1> np(m). Thus | 2, | p(t.) <n and 
| £n | — 0. This is a contradiction. 


(2). Let B be a commutative p,*-algebra. By commutativity and (1), 
|e Si@+2*)/2 | + | (@—2*)/2 | 
S pe + a) + p(w—a*)]/2 S %Mp(c) S| e N. 


If B has p(x) as a complete norm then clearly B is a p,*-algebra in 
every involution including the identity. 
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(3). Let F be any closed self-adjoint commutative subalgebra. Then 
E is contained in a maximal self-adjoint commutative subalgebra A which is 
closed. C-symmetry for Æ follows if we show it for A. Let A, be the 
complexification of A ([6], [18]) and M the locally compact space of 
maximal regular ideals of A,. A can be considered as imbedded in A,. Now 
for ce À, a(x | 41) =a(x|A) = a(x | B). If x is self-adjoint (skew) in 
À, its spectrum there is real (pure imaginary). If æ—=u<+u,ueH,uveXK, 
then, under the Gelfand representation of A1, 2*(Mf) == u(M) — vf) — (M), 
Me. Since p(aa* + yy*) Z p(av*) = p(0*) = p(w) p(w), for a, ye A, 
À is C-symmetric by [6], Theorem 4.6, and (2). 

(4). By (8) and [6], Theorem 4. 5, the involution is conjugate-linear. 
(4) follows from the formulas of (8). 


4,2. THEOREM.’ Let B be a Hermitian-real Banach algebra where each 
closed subalgebra E generated by a self-adjoint element is a Banach space in 
the spectral radius norm p(y | E). Let T be an algebraic isomorphism of B 
into a Banach algebra. Then p(T ()) —p(x), ze H UK. 


By Theorem 4.1 the hypothesis on Æ is automatically satisfied if B is 
a p.*-algebra. 

Let F, be the smallest subalgebra generated by the self-adjoint element u 
and let F be its closure. For ze Fe, the reality of a(s | B) implies that 
a(x | E) =a(«|B) (see the arguments of [6], Theorem 4.2). However 
for any ve F, a(x | FE) is real (as can be seen from the Gelfand representation 
of the complexification of #) and again a(x|Æ) —a(x|B). Thus 
p(e|H) ==p{x), ceH. By hypothesis there exists &>0 such that 
| «| S ko(x) Sk |x] on E. The reality of the spectra implies that if M 
is any maximal regular ideal in Æ, E/M is isomorphic to the real number 
system. The Gelfand representation æ — (ff) takes # into C,(Mt), the 
algebra of all real continuous functions on Yè which vanish at infinity, where 
M? is the space of maximal regular ideals of E. By the Stone-Weierstrass 
theorem, Æ is isomorphic, as a Banach algebra, to C.(%t). Therefore Æ is 
semi-simple and regular and, by [13], Theorem 1, Cor. 1, p(w) = p(T (w)). 
Let ve K. Then ov? eH and 


[p(v) ]? = p(v®) = p(T ()) = p([T(v)]?) = Le (T ()) P. 


4.3. THEOREM. Let B be a Hermitian-real p,*-algebra. Let T be an 
algebraic isomorphism of B into a Banach algebra where for some c > 0, 
|| T(2*)| sel Ts), ee B. Then T is continuous on T(B). 


11 
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By Theorem 4. 1 there exists k > 0 such that k | e | = p(z), ve HU Xk. 
Theorem 4. 2 gives 


(a) IT(æ)|Zkizt, zeHUK. 


Let B, = T(B). In T(B) we define the operation [T (x) | = T(x*). 
Clearly this provides a continuous involution on T(B). This involution may 
be extended by continuity to a continuous mapping V defined on B,. It is 
easy to verify that F is an involution on B,. Let | y ||, be the equivalent 
norm for B, given by Lemma 3.1. By (a), for z == u +v, ueseH,veK, 


| P(e) h = 2A TMi +i PED 2 2k(lul + ie) Era. 


For the case where B is a complex B*-algebra this result is due to 
Rickart ([13], Theorem 3, Cor.). 

The following example shows that the Hermitian-real hypothesis cannot 
be dropped entirely even in the commutative case. Let B be the Banach 
algebra of all complex-valued functions holomorphic for |z| < 1 and con- 
tinuous on | z| <1 in the complex plane with | f | = sup | f(z)|, |2| <1. 
Let Æ be the set | 2 | = 1/2 and B; be the Banach algebra of all continuous 
complex-valued functions on Æ. Let the identity be the involution on B and 
Bı and let T be the *-isomorphism which sends f(z) e B into f(z) e Bı, where 
z is restricted to #. T is obviously continuous and all the hypotheses for the 
continuity of T~ are satisfied except the Hermitian-real requirement for B. 
But if we take f,(z) = z* we see that | fan | —1 while | T(f,)| — 0. 

The next result is the analogue of a well-known theorem on B*-algebras 
(see [6], Theorem 6.4). In our context we must be content with bi-continuity 
instead of isometry. 


4.4, COROLLARY. Let B be a Hermitian-real p,*-algebra and B, be a 
p*-algebra. Let T be an isomorphism of B into B, T(B) =[T(B)]*. 
Then T is bt-continuous if and only if there exists M > 0 such that 
IT) SMIT), eB. If T is a *-isomorphism, T is bi-continuous. 


The continuity of T is given by Theorem 8.7. If the inequality holds 
we have bi-continuity by Theorem 4. 3, if T is bi-continuous then the inequality 
follows from Theorem 3. 4. 


4.5. COROLLARY. Let T be a homomorphism of a B*-algebra B into 
a p*-algebra B, where [T(B)|* == T(B). Then T(H) and T(K) are closed 
an By. 


5 Here the involution is an anti-isomorphism. 
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By Theorem 3. 7, T is continuous and T-1(0) is closed. By [6], Theorem 
7. 2, the proposition is reduced to the case where T is one-to-one. Theorem 4. 3 
implies that T-1 is continuous on T(H) and T(K). If | T@*)| SC | Tæ), 
ze B, then T{B) is closed by Theorem 4. 3. 


4.6. TEHEoREMS Let B be a complex symmetric p*-algebra (p,*-algebra) 
with an identity. Then there exists a C*-algebra B, and a continuous (b1- 
continuous) *-tsomorphism T of B into (onto) B.. 


By [6], p. 402, B is C-spectral and the involution is continuous by 
Theorem 3.4. Hence we may, by Lemma 3.1, use an equivalent norm in 
which || z* || = || s]. We now use the results of Gelfand and Neumark as 
given in [8], [9]. As B is semi-simple (by 3.5) it follows from [9], p. 87, 
that B coincides with its reduced ring in the sense of [9], p. 49. That 
z*z — 0 implies v == 0 in B follows from [9], p. 87. By [9], Theorem 1, 
p. 49, there exists a norm | æ |], for B in which it is a normed algebra and 
such that its completion B’ in this norm is a C*-algebra where the involution 
in B’ is an extension of that of B. Thus the identity mapping T of B into 
B’ is an algebraic *-isomorphism. The conclusions now follow by appealing 
to [9], p. 38 and Corollary 4. 4. 

f 

5. On regular Banach algebras. For the remainder of this paper we 
adopt the following notation. B(B;) is a complex commutative Banach 
algebra with radical Z(K;) and whose space of maximal regular ideals is 
M(N). Let Wt’ (N) be the one-point compactification of M(N) by adjoining 
B(B,). Let T be an algebraic (complex-homogeneous) homomorphism of B 
into B, Each N'e determines by the following rule a unique element 
T*(N’) of YY where 
(1) o[T*(N’)]=—T(c)(W’), we, 


(see [3], p. 202; [7], p. 76). If T(B) C N’ then T*(N’) = B, otherwise 
T*(N’) is the unique member Af’ of YY such that T(M’) C N°. T* is. a 
continuous mapping of Jt’ into W in the Gelfand topologies for W and Mi’ 
so that 7*(9’) is closed in MY. In the special case where T(B) is dense in 
B,, T* is a homeomorphism of MM’), onto a closed set in Mt(M’). 
Following the usage in [7] and elsewhere, for a set § in M (or MY) 
we define the kernel of 3, k(%) =N M, Me and, for an ideal J in B, the 
hull of I in MM) is h(I) = {Me MM e M’)| MA’) DT}. If T(B) is 
dense in B, and if M and N are both given the Stone topology (hull-kernel 


° Here the involution is a conjugate-linear anti-isomorphism. 
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topology), then it is easy to see that T* is again continuous on Jt. B is 
called regular ([14]; [7], p.-82) if the Stone and Gelfand topologies for 
Mt agree. 


5.1. Luma. If B is regular, then B, =T(B) is also regular. 

We use (8) or (G) when it is desirable to specify which of the Stone or 
Gelfand topologies is used. By the above, the mappings T*: JS) > T*(M)(S) 
= T*(N)(G) and T**: T*(2)(G) — N(G) are continuous. Hence the inden- 
tity mapping I: N(9) — MN(G) is continuous. Since the Gelfand topology is 
stronger than the Stone topology, J is bi-continuous and B, is regular. 

We next give some elementary properties of 7*. . 


5.2. LEMMA. 
GQ) &(7T*(9)) = T(R). 
(ii) T* (9) = DY implies R = T1(R,). 
(iii) If B ts regular the converse holds. 
(iv) Let W, be the compactified space of maximal regular ideals of 


ey, 


T(B). If T(B) is regular then T* (W) = T* (2). 

(i). Note that e (W) = 0 for all W e T* (W) if and only if T (e) (N°) 
= 0 by formula (1). This implies (i) and (ii). 

(iii). Suppose that T*(W) == W. Then by regularity and the closure 
of 7*(9t’) there exists Moe M, Mog T(N) and ee B such that (Ho) — 1 
and «(7*(9t)) —0. Then &æeT-1(R,) — R which is a contradiction. ` 

(iv). Let Z be the identity mapping of T(B) into Bı. Since À, N T(B) 
is the radical of T'(B), then I* (W) =W, by (i). Clearly both T*(9) 
and T*(%:) contain B. Suppose that 7*(N’,) = MW Æ B, Ne. Let 
I*(N’) =N’. Then T(if’) C N and T(B) Œ N (as otherwise T(B) C N’ 
and I*(N’) ==T(B)). Thus T*(N’) = M’. Suppose T*(N’) = M Æ B, 
N’e RR. Then T(M’) CN'NT(B). But N'N T(B)ÆT(B) and is a 
maximal regular ideal of T(B). 

5.8. Tarorem. Let B be regular. Then the following formulas hold 
for T* (I). | 
~ (a) T*(N) —Rh(T1(R;)). 

(b) T*(W) — ACTEIT(R) D). 

As previously noted, 7*(9t’) is closed in W. Thus T*(9) with the 


point B removed is closed in Mt, hence in the Stone topology of M by regu- 
larity. Then, by Lemma 5.2, T* (9) — hkT* (W) — A(T (R) ]. 
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The proof for formula (b) is largely modeled after [13], Theorem 1. 
For real Banach algebras Rickart’s theorem gives (b) if B is semi-simple 
and T is 1-1. Set J—TA[T(R)] and §¥—h(J). Incidentally J is an 
ideal in B. Since T(R) C R, and R, is closed, T-1(R;) D J and then, by 
(a), § D T*(N’). Suppose that there exists M,e%, Mog T* (W). Then 
M,-<B and, since T*(3’) is compact in W, there exists an open set © 
containing M, whose closure is disjoint with 7*(2’) and an open set ©, in 
M’ such that Af, e © and 6, C @. As in the reference cited, a result of 
Silov ([14], p. 37), gives the existence of u,veB, such that u( W) — 1, 
Mc @,, u(W') =0, WEG, v(W) —1, We G, v(W) =0, W e T* (I) 
and wo(M’) = uW), We MY’. Then? wo oC’) = vl’) and uov—v +2 
where ze R. Since T(v) (N’) =0, T(v) lies in the radical of 7'(B). Hence 
there exists w e T(B) such that T(v) o w = 0. Let w, = T(v,), Un € B, w, > W. 
Then 


T(u) = T (u) o [T (v) ow] = [T (u 0 0)] ow = [T (0 + 2)] ow 
=T (v) ow + T(z) —T(z)w = T(z) — T (z)w = lim T(z — zvn). 


But z—zv,eR. Hence T (u) e T(R) which implies that u is in every element 
of %. However u( Mo) = 1, M. £ which is a contradiction. 

An example shows that the requirement that B be regular cannot be 
dropped. Consider the example utilized at the end of Theorem 4.3. In the 
notation used there B is not regular since its space of maximal ideals is not 
a Hausdorff space in the Stone topology [4]. B and B, are semi-simple and 
h(T>(Rı)) =M. However, by the fact [4] that every maximal ideal of 
B is of the form {fe B | f(z.) = 0}, it can be seen that T* (N) is the set of 
maximal ideals corresponding to the complex numbers | z | = 1/2. 

We make the following definitions. Let % be any subset of W and 
C(%) be the algebra of all bounded complex continuous functions on % with 
the usual norm. For.veB let s(W |) be the function (W) restricted 
to %. If the set of functions z (W | F), ze B is closed in C(%) we say that 
B is functionally closed with respect to %. If this holds for 3 = W we call 
B functionally closed. 


5.4, THEOREM. Let I = T (0) and let W(W,) be the canonical homo- 
morphism of B onto B/I (B/I onto B/kh(I)). Let T, be the algebraic 
isomorphism gwen by T =T,W. Suppose that 

(i) B is regular and functionally closed with respect to h(I), and either 

(ii) T(R) is closed in T(B) or . 

(ii) I is closed and T(kh(I)) is closed in T(B). 


* The notation uov = u + v— uv is employed. 
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Then 


(a) W427," is continuous,’ 
(b) T(B) =T(B) + R, where R, is the radical of T(B). 


Assume (i) and (ii). By (ii), R+I—T“[T(R)] so that, by 
Theorem 5.8, T*(W) —h(I). Let y be the mapping æ—zx(M'|h(I)) 
of B into C(h(L)) and let x: y—> y(N’) be the Gelfand representation of B.. 
By formula (1) the correspondence V: Vy(x) =a(#) is a norm-preserving 
isomorphism of y(B) onto rT(B). By (i) y(B) is a Banach algebra. 
Then rT (B) is closed in r(B;). Now there is no loss of generality in taking 
B,—T(B). This choice gives T'(B) D x-1xT(B) > T(B). Inasmuch as 
m is continuous it follows that Bı == m 7T'(B) from which (b) is evident. 

The kernel of y is kh(I). Hence, ([2], p. 41), the Banach algebra 
B/kh(I) is equivalent to y(B). Thus there is a number c > 0 such that 


| T (2) 1 = sup | To) (= IE e | 2 + BaD) 


for all ve B. Since W, Tẹ (T (&)) =s + kh(I), (a) follows. 

Now assume (1) and (iiy. In view of Lemma 5.1, B/I is a regular 
Banach algebra. As a purely algebraic matter, ([7], p. 63), only maximal 
regular ideals in B which contain J do have images under W contained in 
maximal regular ideals of B/I. Let N, be the compactified space of maximal 
regular ideals of B/I. Then W*(%t,") =h(I). By (i) and formula (1) 
B/I is functionally closed. The radical of B/I is Wkh(I), ([T], p. 63), 
and by (ii), 7,( WAL) is closed in T(B) = 7,(B/I). 

Therefore with B/I, T and 0 (the zero of B/I) playing the roles of 
B, T, and I respectively (i) and (ii) are fulfilled. The above immediately 
gives (b) and the continuity of W,7,-1 where W, is the canonical homo- 
morphism of B/I onto (B/I) (kh(0)) = (B/1)/(Wkh(1)). The latter is 
algebraically isomorphic to B/kh(I) by standard algebraic arguments where, 
moreover, the isomorphism preserves the quotient algebra norms. This 
yields (a). 


5.5. COROLLARY. In the notation of Theorem 5.4, suppose that (i) 
holds and (i1)” I=khk(I). Then T(B)=T(B) @R, and Ty is 
continuous. 

From (11)” we obtain (ii)’ immediately. Also W, is in this case the 
identity. To complete the proof we need only show that T(B) O R, — 0. 


8 B/kh(I) is given the usual quotient algebra norm which is possible since kh (I) 
is closed in B. 
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As a purely algebraic matter (ii)” gives semi-simplicity for B/I. Hence by 
Theorem 5.3 and Lemmas 5.1, 5.2, 0-7, 7(R,). Since 7(B) = 7,(B/I) 
the proof is complete. 

If B is a B*-algebra and 7-1(0) is closed, then well-known properties of 
B give the hypotheses of Corollary 5.5. The conclusion in this case is given 
in [6]. So far as we know the conclusion that 7',-* is continuous is an open 
question if B is a non-commutative B*-algebra, 
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LINEAR FUNCTIONALS AND CONTENT.” 


By L. H. Loomis. 


1. Introduction. The Riesz representation theorem for linear func- 
tionals, in a general form, may be stated as follows: To every non-negative 
linear functional J on the algebra A of all continuous real-valued functions 
on a compact Hausdorff space 8, there corresponds a unique finite Baire 
(or Radon) measure » such that 1(f) = ffdu for every fe À. 

If A and I are as above but S is replaced by a dense subset M, there is 
still a uniquely determined measure u (on M) with respect to which J is 
integration, but now y is not in general countably additive, but only finitely 
additive. Such a relationship was studied by Markoff [5], who took A to be 
the algebra of all bounded continuous functions on a normal space M. 
However, whenever J is defined like this on a uniformly closed algebra of 
bounded functions, the underlying space M can always be compactified and 
the existence of » can be inferred from the Riesz theorem. The situation is 
different if 7 is defined only on a proper subset of A. Compactification pro- 
cedures—in fact, the use of toplogical arguments of any kind—now appear 
less natural than certain direct methods, and it seems best to drop all 
assumptions pertaining to a topology on S and continuity of the functions 
of A. An early example of such a study is the well known paper of Daniell 
[2], which treats a non-negative linear functional whose domain is a vector 
lattice L of bounded functions on a set S, with no topological assumptions 
whatever. Daniell was interested in the extension of J to a functional 
behaving like a Lebesgue integral, and added a convergence postulate in order 
to get the Lebesgue convergence theorems. He did not try to find an asso- 
ciated measure on S. However, in a similar situation Stone [6] showed that 
the additional postulate that f N 1e L whenever f e L is sufficient to imply the 
existence of a unique completely additive measure on S with respect to which 
I is integration. In this context, the role of the Daniell convergence axiom 
is to prove that the finitely additive x is actually countably additive, and 
hence that the Riemann type integral I (f) — ffdu is actually a Lebesgue 
integral. As far as concerns the existence of » and the relationship 
I(f) = ffdp, it would seem best to leave the convergence axiom out, as did . 


* Received April 9, 1953. 
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Markoff in the paper cited above. This is in keeping with a recent tendency 
to study the relationship I (f) = ffdp in very general settings (see [1, 4]). 
The present paper is written in this spirit, but from a point of view which 
does not seem to have been adopted before. 

We begin our considerations with a linear space L of real-valued func- 
tions on a set S and a non-negative linear functional J on L. If the functions 
of L are bounded and include the constant functions, then it is reasonable 
to call I an integral even in this general situation. For, as is well known, 
a modified Hahn-Banach theorem enables us to extend J in many ways to a 
non-negative linear functional on the space of all bounded functions on S. 
If m is the finitely additive measure defined on the subsets of S by 
m(A) ==I(ya), where ya is the characteristic function of A, then it is easy 
to see that I(f) is in fact the integral ffdm. 

Such measures are of no particular interest in their relationship to the 
original functional J. There are many of them, and no one can be singled 
out as having an especially intimate connection with J. However, there may 
exist sets A C S on which all of the measures m agree. That is, there may 
exist sets A whose measures are uniquely determined by the original func- 
tional J. The investigation of this uniquely determined measure u and its 
relation to I is the program of the present paper, the main problem being the 
determination of conditions under which p is adequate for the integration 
of the functions of L. 

An examination of the functional extension process mentioned above 
shows that the measure of A is uniquely determined by J if and only if for 
every positive e there exist functions g and heb such that gSy4Sh 
and I(h) —I(g) =«, in which case (4) must be the common extreme 
l.u. b. f(g) —=g.lb.Z(h). Such a set will be said to have content. (It is 
difficult to resist the temptation to call A a contented set.) 

This consideration suggests a preliminary extension of the domain of J 
by the classical upper and lower integrals. For this extension it is not 
necessary that the functions of L be bounded or that le L. If an arbi- 
trary function f is bounded above by a function A in L, we define the 
upper integral J(f) as the greatest lower bound of I(h) for all such h. 
Similarly, if there exists ge L such that g =f, the lower integral I(f) is 
defined as l. u.b. Z(g) for all such g. The difference f(f) —I(f) will be 
called the deficiency of f, and denoted def (f). A function f with deficiency 
zero has only one possible value for its integral, 7(f) =I(f) = I (f), and if 
the domain of Z is extended to the set R of all such f, then it is clear that R 
is a vector space and that the extended J is non-negative on.R. We shall call 


170 L. H. LOOMIS. 


R the two-sided completion of L (with respect to 7), and we observe that the 
two-sided completion of R is again R; that is, R is two-sidedly complete. 
The definition of content can now be rephrased: A set A has content if and 
only if x4 eR, in which case p(A) is defined as I(ya). 

Let E be the family of linear combinations of characteristic functions 
of sets having content. A function f will be said to be Riemann summable 
if it belongs to the two-sided completion of E. That is, f is Riemann 
summable if, given «e, there exist step functions g and A in E such that 
gssfsh and I(h)—I(g) <e It follows that such a function f ‘js 
bounded and belongs to R, and that 7(f) is at once the least upper bound 
of all such numbers I (g) and the greatest lower bound of all such numbers 
I(h). Since g is of the form g = À cixa,, where the sets À; have content, 
and therefore I (g) = È cil (xa,) = È ciu (Ai) = f gdp, we have I(f) = ffdu 
for a Riemann summable function in exactly the sense of the classical 
Riemann. integral. 

Supposing that the functions of L (and hence R) are bounded, the 
optimum situation would be that in which the family F of sets having 
content is a Boolean algebra, or at least a Boolean ring, and is large enough 
so that all the functions of L (and hence R) are Riemann summable. 

Now it is clear that if F is a Boolean ring then E is a vector lattice, 
which in turn easily implies that if f and g are Riemann summable, then so 
are f U g and f N g, where f U g = max (f, g) and f N g==min (f,g). Thus 
if F is to be a Boolean ring and R is to be precisely the set of Riemann 
summable functions then R must be a vector lattice. Another obviously 
necessary condition is the property used by Stone, namely, that if fe R then 
fNieR. These well known necessary conditions are not sufficient however, 
and we shall be largely concerned with the implications which they do have, 
and with the extra hypotheses which we must add to ensure the summability 
of the functions of R. 


2. Measurability and Riemann summability. We begin our systematic 
discussion with some definitions. If f= 0 the spectral family of f is the one 
parameter family of sets F, of the form Fy = {p:f(p) >A}, A> 0. Alter- 
natively, we could have used “ =” in this definition. However, the other 
two one parameter families, having “ <” and “<<” in their definitions 
instead of “ >,” and consisting therefore of the sets complementary to those 
in the above two families, would not in general do for our purpose because 
these complementary sets may be “too large” to have content. 

A non-negative function f is measurable if all of its spectral sets Fh 
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have content, except perhaps for a countable number of exceptional values 
of A. The allowance for this exceptional set seems to be the correct modifica- 
tion of the usual definition of measurability when the measure in question 
is not completely additive. A function having both signs is said to be 
measurable if its positive and negative parts are measurable. 


Lemma 1. Let L be a vector space of real-valued functions on a set 8 
and let I be a non-negative linear functional on L. If fNleL whenever 
feL then every fe is measurable. 


Proof. Let 0 < Ay <A. °° ++ << Amy Lo be any finite sequence of 
positive numbers, and let g, be the function [(f N An) —(f N Ana) ]/(n — An). 
Then 0 = gn 1, gn = 0 on the set where f = À, and gn = 1 on the set Fy, 
where f > À. Thus gn is simultaneously a lower approximant for 4), (where 
ba is the characteristic function of F) and an upper approximant for y. 


Thus def (dx) Z Ilga) —I (gm1) and X def (x) <I(g.). We now fix 
1 


À = a, and, given €, we choose the remaining A; from among the points À at 
which the functions ġa have deficiencies greater than e Then me S T(g:) 
as above; that is, the number of points beyond a at which ¢) has deficiency 
= € is hounded above by J(gi)/e. Varying a and « we see that the set of 
positive A at which the deficiency of œ, is positive is at most countable. The 
sets Fa for À < 0 are accounted for by applying the above result to — f. 


Remark. This proof:holds as well for the other decreasing spectral 
family, composed of the sets B} = {p:f(p) 2A} when A> 0. 


Remark. Actually, it is only the two-sided completion R which we need 
to be closed under intersection with 1. While this property for R will most 
easily follow from the same property for L, we shall later on consider one 
situation in which it evolves differently. 


The hypothesis that fN1eL for every feL almost implies by itself 
that L is a vector lattice. In fact, if 1e L then the two conditions are equi- 
valent, as can be seen from the relations f N 0 == ((f+1)N 1) —1 and 
fNg=g+((f—g)N0). If1is not in L, but f N 1 is always in L, then 
F is a Boolean ring and E is a vector lattice, for the spectral sets of xa + xz 
include À N B uncountably often, so that, by Lemma 1, 4 N B must have 
content if A and B have content. Moreover, if in this case L satisfies any of 
our later conditions for improper Riemann summability, then it requires 
very little more to imply that R itself will be a vector lattice. For instance, 
suppose that lim 7 (g Ne) 0 for every ge L and suppose also that every 

E> $ 
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feL is dominated by a non-negative meL. Then gS fU0Sh, where 
g=f—fneandh=(f—fNe)+mne. Given å, we choose e so that 
I(mM«) <8, and then have [(h) —I(g) —1(mNe) <8, proving that 
FU 0eR, and hence that R is a lattice. 

If f N 1 is always in L our discussion to date gives us a finitely additive 
measure u defined on quite a large Boolean ring of sets, but it does not yet 
follow that x has any useful relationship to J, as the following examples 
show (see [4]). 


Example 1. L is the vector lattice of continuous functions f on [0, 1] 
such that f(0) — 0 and F (0) exists, and Z(f) = /7’(0). J is then a non- 
negative linear functional. On the other hand, a subset A of [0,1] has 
content if and only if it is bounded away from 0, its content being always 0. 


Example 2. L is the vector lattice of continuous functions on [0, œ) 
having derivatives at œ (f (œ) —limf(x}/x), and I(f) =f (œ). Here 


a set À has content if and only if it is bounded, its content being always zero. 


The failure of J to be reasonably related to » in these two cases has 
different causes. In the second case it is due to the fact that the functions 
of L are in general unbounded, while in the first case the functions of L are 
all bounded but the constant functions are missing. However, if neither of 
these defects is present we shall see that every fe R is Riemann summable. 

We notice first that the presence of 1 in L (or in R) has the very 
strong implication that I is a bounded linear functional in the uniform norm, 
with norm (1) (1(f) =l (| fx) =| fil. f(1)), and hence that R is 
uniformly closed. Also, F is now closed under complementation, for if A’ is 
the complement of A then xya' = 1 — yxa. The assumption that f=0 can 
now be dropped in the definition of the spectral family: the set where f > — a 
is the complement of the set where — f = a, and hence has content for all 
except a countable number of values of a. 


Lemma 2. Let L be a vector space of real-valued functions on a set Ñ, 
and let I be a non-negative linear functional on L. If leL then every 
bounded measurable function f is Riemann summable. More generally, of f 
is a bounded measurable function such that the set where f 40 is included 
in a set A having content, then f is Riemann summable. 


Proof. Adding a suitable scalar multiple of xa to f, we can suppose 
that f = 0 and that Fy = A for some positive À Taking b = l.u.b. f, let 
OLL ML: <L A= + be a subdivision of [0,0] of norm <e such 
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that # has content for every à and My, =A. Setting gi = pua — Pro 
ge S vo and hee Suds we have g,heËE, gSfsh, and 
1 1 


I(h) —1(g) = E(u — Aa) (g) S SI) = (A), 
proving the lemma. 


It is clear from the above proof that the hypothesis of measurability can 
be weakened to the assumption that the spectral sets Fy have content for a 
dense set of À. | 


COROLLARY 1. If f is measurable, and 0 <a <b then fNb—fNa 
is Riemann summable. 


Proof. The function f N b— f Na is bounded by b and the set where 
it is different from zero is the spectral set Fa. 


COROLLARY 2. If Lis closed under intersection with 1 and f is measur- 
able and non-negative, then f N g is Riemann, summable for every Riemann 
summable g. 


Proof. The hypothesis that f N 1e L implies that F is a Boolean ring, 
as we saw in the discussion following Lemma 1. The result then follows 
from Lemma 2. 


Remark. The expression of ffdu as the limit of sums > Ai(u(Fy,) 
b 

— u (Fna) ) is equivalent to f fdp = -f Ada(A), where a is the monotone 
Q 


decreasing function defined for all positive À (except the values of À in the 
countable exceptional set) by a(à) =yp(F)). 


As already noted, Lemmas 1 and 2 imply the following theorem. 


THEOREM 1. If L is a vector-lattice of real-valued functions which 
contains the constant functions, and if I is a non-negative linear functional 
on L, then the subsets of S having content form a Boolean algebra on which 
the content p is finitely additive, the class of functions which are Riemann 
~ summable with respect to u is precisely the set of bounded functions in R, 
and I(f) = ffau in the Riemann sense, for every such f. 


COROLLARY. In the same situation, if f is a bounded function of R and 
if 0(x) is a monotone continuous function of ‘the real variable x defined on a 
closed interval containing the range of f, then 6(f) eR. 


Proof. The spectral sets of 4(f) are the same as those of f (with a 
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monotone change of parameter) and hence all except a countable number of 
them have content by Lemma 1. Lemma 2 then implies that 6(f) eR. 


Remark. It follows from the corollary that if fe R is bounded 
then f eR. Hence if f and g are bounded functions of R then 


fg9= LP + 9)? —(f—39)"1/4eR, 


so that the bounded functions of R form a uniformly closed algebra. 


It now follows that if f,- - - ,f, are bounded functions of R, then so is 
a(f1,° -°,fn}, where œ is any continuous function of n variables. For, by 
the Weierstrass theorem, «(f:,---,fn) is a uniform limit of polynomials 


in fot of 


3. Improper integration. We turn now to the problem of the inte- 
gration of unbounded functions or of bounded functions when the constants 
are not present. As the two examples above suggest, the difficulties here are 
manifestations of two aspects of the same phenomenon: We cannot now 
obtain two-sided approximations by step functions, in the one case because 
the function in question is unbounded, and in the other case because the 
total content of S may be unbounded. Our theory therefore must of necessity 
be a theory of one-sided approximation, that is, of improper Riemann inte- 
gration. As usual, we take as our point of departure a vector space L of 
real-valued functions which is closed under intersection with 1, and a non- 
negative linear functional J on L. 

We say that a non-negative function f is improperly Riemann summable 
if it is measurable and if there is a constant # such that I (g) < k whenever 
g is a Riemann summable function such that g & f. The improper Riemann 
integral ffdp is then defined as the least upper bound of such integrals I(g) 
(= fgdn). If L* is the set of non-negative functions of L, then it follows 
from Lemma 1 and the non-negativity of J that any fe L* is improperly 
Riemann summable, with ffda = 1(f), and one of our problems is the dis- 
covery of conditions which will imply the equality. We first set down a few 
rather obvious equivalent formulations of the definition of ffdu. 


Lemma 3. If f is non-negative and improperly summable then the 
function g occurring in the definition of ffdu can be restricted to functions 
of any one of the following forms: 


(1) the step functions of E which are =f; 
(2) F'O bya, where A has content and b > 0; 
(3) FN boa, where pris the characteristic function of the spectral set Fy. 
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Proof. (1) is obvious. (2) follows from the fact that f N bya is 
Riemann summable by Lemma 2, and that any Riemann summable function 
is bounded and is zero except on a set A having content. To prove (3) we 
choose any step function he E such that OS h Sf. If a is the minimum 
positive value of k and b is the maximum value of A, then h = boa, and (3) 
follows from (1) and the Riemann summability of f N boa 


We obtain two other slightly stronger conditions from the following 
lemma. 


Lemma 4. If f is non-negatwe and improperly summable, then 
au(Fa) > 0 as a —> 0 and as a —0co. 


Proof. Given e, choose he E so that OS A S f and ffp — (h) < 6/2. 
If A is the set where h ~0 and a is a positive number such that ay, SA, 
then A C Fe Since a(ġa— xa) + h = f, we have au(F,—A) < e/8, and 
it is only necessary to take a so that au(A) < 6/2 to get ap(Fa) < © 


The proof is similar as b —>œ. If b= 2 max h, then h+ (0/2) Sf 
and hence (0/2)y(Bb) < ¢/2. | 


COROLLARY 1. In the definition of the improper Riemann integral of f, 
g may be restricted to functions of either of the following forms: 


(4) Ffnb—fna, where 0 < a < b; 
(5) fN bfpa— pr), where 0 < a < b. 


Proof. Since f N b— fN a= (fN bpa) — ap; and fN b(be— po) 
= (f N bpa) — bpa, the corollary follows from the lemma and (8) of 
Lemma 3. 


COROLLARY 2. A non-negative measurable function f is improperly 


Riemann summable if and only if the integral Í Ada(r) is convergent in 
0 


the usual sense, in which case ffdu = — f “nda (A). 
0 
Proof. This follows from (5) above and the fact that I (F N b(ha — $1) ) 
b 
= f \da(À), where a(à) = (PF). 


Each of the conditions (1)-(5) translates into a necessary and sufficient 
condition for the equation I(f) = ffdn to hold, and others can easily be 
found. We collect a few in the following lemmas, where, for simplicity, 
the two kinds of improper behavior are separated. 
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Lemma 5. If f is a bounded non-negative improperly summable func- 
tion then the equality I(f) = ffdp will hold: 


(a) if and only if I(Ff Na) —0 as a0; 

(b) if and only if for every e there exists geL and a set A having 
content such that I(g) < «and g =f on À’; 

(c) if the set of numbers {I (nf N 1)} ts bounded above; 

(d) if there exists he L* such that f/h — 0 as f > 0. 


Proof. (a) is the direct translation of the condition (4) above, since 
f A b =f for suitable b. Then we can take g =f N a and A = Fa to prove 
that (b) is necessary. Conversely, if (b) holds, and if b = 1. u. b. f(p}), then 
f A bys 2 f — 9, so that the sufficiency of (b) follows from (2) of Lemma 3. 
The assumption in (e) implies that I (f Q 1/7) — 0, and (a) can be applied. 
Finally, if % exists as in (d), then given e there exists à such that f < ehk 
when f & 3. We can then take g in (b) as ch and A as F5. 


Lemma 6. If lek and f is a non-negatwe improperly summable func- 
tion, then the equality I(f) = ffdu will hold: 


(a) tf and only if If Nb) oI(f) as bow; 

(b) fand only if for every e there exists g e L* and b such that I(g) < e 
and g =f on Fy; 

(c) tf there exists he L* such that f/h — 0 as f 0. 


Proof. The proof is similar to that of the above lemma, and will be 
omitted. 


The last conditions in the above two lemmas are in a sense necessary as 
well as sufficient, but this cannot be seen until another completion process 
for L has been developed, and the discussion will be postponed until Section 5. 


4. Integrals on algebras of functions. 


THEOREM 2. If A is an algebra of bounded functions on a set 8, if 
1e A, and if I ts a non-negative linear functional on A, then the two-sided 
completion R is a lattice as well as an algebra and all the conclusions of 
Theorem 1 follow. 


Proof. This follows, as in the proof of the Stone-Weierstrass theorem, 
from the fact that fUg—(f+g+ |f—g|)/2, that y=|2z]| can be 
uniformly approximated by a polynomial in 2? over any given finite interval, 
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and that because 1e A the two-sided completion R includes the uniform 
closure of A. 


If the algebra A does not include the constant functions we have an 
improper integral situation as before. R cannot now be proved to be a lattice, 
but, if every fe A is dominated by a function g e A*, then we can show that 
fA 1 is always in R. 


Lemma 7. Let A be an algebra of bounded real-valued functions on u 
set S such that every function in A is a difference of non-negative functions 
of A, and let I be a non-negative linear functional on A. Then f N 1 belongs 
to the two-sidede completion R for every f e A. 


Proof. By hypothesis there exists m eA such that | f| Sm. Let [a,b] 
include the range of f, and let 4 be the real-valued function on fa, b] defined 
by 0 (x) = 1 if z & 1 and 0 (x) = 1/2 if x > 1. Given «, the classical Weier- 
strass theorem furnishes a polynomial P such that | P(r) —8(z)| <e on 
[a,b]. Since f8 (F) =f N 1, fP (f) e À and |f| S m, we have g Sf N1Sh, 
where g = fP (f) — em, h = fP(f) + em, and I(h) —I(g) S 2I (m). Letting 
e—> 0, we see that fN 1eR. 


hus every f e A is measurable, and we can apply our results on improper 
summability. In particular, we have in more general form the main theorem 
of Arens [1]. 


THEOREM 3. Let A be an algebra of bounded real-valued functions on 
a set S such that every fe A is a difference of non-negative functions in A. 
Let I be a non-negatwe linear functional on A and suppose that for every 
fe At, 1(f) —Lu.b.1(fu) where u ranges over the functions of A such that 
0SuS1. Then I(f) = ffdp for every fed. 


Proof. Given fe 4*, we have to establish any one of the conditions of 
Lemma 5. But, given €, we can choose we A such that 0 &u = 1 and 
I(f) —T(uf) < «/2. Let A be the set on which u > 8, 8 being chosen so 
that A has content and so that ôI (f) < «/2, and set g = f(1+8—u). Then 
g = f on A’ and 1(g) —1(f) —I(fu) + 81(f) < « so that (b) of Lemma 5 
holds, q. e. d. 


The condition Z (f) = 1. u.b. (fu) of Theorem 3 has been studied in 
great detail in a different context by Dieudonné [3]. 


We can also consider algebras of unbounded functions, but, if we are to 
avoid the seemingly impossible difficulties inherent in such a generalization 
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of the determined moment problem, we shall have to assume that A is a 
lattice. The condition (c) of Lemma 6 is automatically met here, from the 
simple fact that fe A implies f? eA, and, supposing for the moment that 
1 e À, it follows that I (f) — ffdu for every fe A. If the constants are not 
present, then one of the conditions of Lemma 5 must of course be assumed. 


5. One-sided completion. We turn now to a deeper study of improper 
integrability, in which we consider the problem in the light of a second 
natural extension of J, this time by means of a one-sided completion process. 
The values of J for the new functions thus added are no longer uniquely 
determined in the sense of being forced by the old values, but they are 
uniquely determined in the sense of being explicitly and naturally defined. 

We start with a vector-lattice R of real-valued functions which is two- 
sidedly complete with respect to a non-negative linear functional 7. The 
non-negative part U* of the extended class U is defined as follows: f e U* if 
and only iff =0,fMgeR for every ge R, and l. u. b. {IG Ng): geR} <w. 
I(f) is defined as the above least upper bound, and it is clear that U* is a 
lattice and is closed under addition and multiplication by non-negative con- 
stants. Then U is the vector space of differences fı — f, of functions in U+ 
and I(fı— f:) is defined as I(f,) —J(f.). Straightforward calculation’, 
shows J to be uniquely defined, linear and non-negative on U. 

Our first goal is to show that U is both one-sidedly and two-sidedly 
complete. 


Lemma 8 If f,ge Ut and f = g then g —fe Ur. 


Proof. We have to show that (g —f) N heR for every he R. Given e, 
choose ke R such that [(g) —I(gnk) <e Nowgnk—fNksSg—f. 
Also, the function [g N (h + &)]— (FN k) is equal to g— (fN k) Z g—f 
if g S&S h k, andtoh+k—(fnk) Zzhifg2ezh+k. Thus 








hN (gNk—fNk) SAN (g—f) SAN [gN (h+ k)]— (FN k)), 


where the extreme members belong to R (by the definition of U+) and the 
difference of the extremes is bounded by g N (A -+ k)—g Nk. Since 
I(g N (k+4))—I(g N k) <e by the definition of k, we have proved that 
h N (g — f) lies in the two-sided completion of R, which is of course R itself. 
This is what we set out to prove. 


Tarorem 4. U is a vector lattice including R which is both two-sidedly 
and .one-sidedely complete. 
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Proof. We have already observed that U is a vector space including R 
and that I is a non-negative linear functional on U. We continue with the 
fact that if fe U then ft =f U 0 e U+, for if f — g — h, where g and he Ù}, 
then ft = g Uh—heWU* by the preceding lemma. Thus U* is indeed the 
non-negative part of U. Thus |f|eUandfUg=—(f+g9+|f—g))/2eU. 


Consider, now, any function f in the two-sided completion of U; we may 
as well suppose f to be non-negative. Given e, there exist by hypothesis 
functions g, h e U* such that g = fh and I(h)—I(g) <e If keR, it 
follows that gN kSfFNkSANE and that [(hNk)—I(gnk) <e 
Since g N k and À N k belong to R, it follows that f N k belongs to the two- 
sided completion of R, which is R itself, and hence that f belongs to U*. 
Thus U is two-sidedly complete. 

Finally, let f be any non-negative function in the one-sided completion 
of U. That is, if geU* then f N ge U* andlubJ(fng)Sli<o. But 
then, if ge R, fNg—(fNg)Ng—hng, where heU, so that fNg 
—=h(igeR and hence feU. Thus U is one-sidedly complete. This com- 
pletes the proof of the theorem. 

Since we have a larger two-sidedly complete space than before, we must 
consider the possibility of there being new sets having content. Suppose, 
then, that xa e U+. Since yaNgeR whenever geR, and, in particular, 
whenever g == yg where Be F, we see that A has the property that AN BeF 
whenever BeF. If there exists BeF such that A C B, it follows that 
A—ANBeF and A is not a new set. Thus the only new sets having 
content are sets A which are included in no sets of F, but are such that 
AM BeF for every BeF and L u. b. u(4 N B) <o. 

If le R, so that SeF, it follows that there can be no new sets having 
content. 

If 1¢R, but R is closed under intersection with 1, it may happen that 
Lub. {I (f V1): feR} <w, so that le U*. This is clearly equivalent to I 
being bounded in the uniform norm, and implies that R and U are both 
uniformly closed. The converse also follows. 


LemMaA 9. If R is uniformly closed and closed under intersection with 1, 
then I is bounded and 1eU. 


Proof. If I is not bounded there exists a sequence A, of disjoint sets 
having content such that $, n(A,) == œ. Let c, be a sequence of constants 
such that c» | 0 and © cœu(Ax) = œ. The function f = >) caxa, is then in 
the uniform closure of R, since it is approximated uniformly by ‘its partial 
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sums, but cannot belong to R (or U), since its integral is infinite. Therefore 
I is bounded. 


We denote the enlarged F by B, and suppose from now on that R is 
closed under intersection with 1, so that the functions of R and U are at 
least improperly summable (with respect to F and B respectively). We then 
have the theorem: 


THEoREM 5. If the equality ffdu—I(f) holds for every feR then 
it holds for every feU, and U is precisely the set of improperly summable 
functions. 


Proof. The persistence of the identity ffda= I(f) follows at once 
from the definitions of f fd» and U, and we have only to prove that if f is a 
non-negative function which is improperly summable, then fe U*. By 
definition, f is measurable and has the property that l. u. b. {Z(g)} =l < œ 
for all Riemann summable functions gf. Let h be any function of R+, 
and, given €, choose an F-Riemann summable function g = À such that 
I(h) —I(g) <e Since fNh—-fNgSh—g, we have fNOgsSfonhk 
= (kh—g) +fNg. Now 4—geR, and fN g is an F-Riemann summable 
function and so belongs to R. The above inequality thus shows that fn h 
belongs to the two-sided completion of R, and hence to R. The same 
inequality yields (F N A) SI(h—g) HIF Ng) Seth ThusfnheR 
and Z(f N h) ZT for every He R, so that fe U* by definition. : 


We can now prove, in terms of U, that the sufficient condition of Lemma 
5, (d), and Lemma 6, (c) is also necessary. 


Tueorem 6. Let U be a vector lattice of functions which is both 
two-sidedly and one-sidedly complete with respect to a non-negative linear 
functional I, and which is closed under intersection with 1. Then I(f) = [fdu 
for every feU if and only if for every fe U* there exists ge U* such that 
f/g — 0 as f — 0 or œ. 


Proof. We have already seen that the existence of such a function g 
guarantees the identification of ffdp with I(f). Conversely, if 1(f) = ffdu 
for every fe U then, by the above theorem, it is sufficient to exhibit 
a g with the desired properties which is improperly summable. Now 
He f Mda(X), where area Let O(a) be any strictly 
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increasing continuous functions such that à/0 (à) >0 as À—>0 or œ and 
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such that J Ola) da(A) converges. The function g = 0 (f) is measurable, 
0 
since it has the same spectral sets as f. If {Ge} is its spectral family and 


B(E) = a(Gx), then Soin =— f taB —— fe) <o, so 


that g is improperly summable by Corollary 2 of Lemma 4. Finally, the 
definition of @ ensures that f/g—> 0 as f — 0 or od and this finishes the 
proof of the theorem. 


6. We conclude with some remarks about the role of the assumption 
that fN le L for all fe L when L is already assumed to be a vector lattice. 
In a sense, this assumption excludes irregularities which can occur when 
there aren’t enough points in 8. For, supposing that the functions of L 
are all bounded, standard weak compactification arguments allow us to enlarge 
S and to extend the functions of L uniquely so as to become a vector lattice 
of continuous functions on a compact Hausdorff space. With S thus enlarged 
(to $, say) the hypothesis that f N 1e L can be greatly weakened. 

First of all we may as well assume that L separates the points of S, 
since unseparated points can always be identified. Secondly, we must avoid 
the situation where LE is a one dimensional space consisting of the scalar 
multiples of a single function; it is obvious that no notion of content is 
available here. Nor can we allow this situation to exist on any subset of S. 
That is, distinct points must be treated differently by different functions 
of L; more exactly, if pq then there must exist f,he LE such that 
f(p)h(q) AF(q)2 (p). 

The interesting fact is that the above weak necessary condition actually 
implies that f N 1 belongs to the two-sided completion of L for every fe L. 
We can see this as follows. Given a non-negative function fe L, let L(f) be 
the sublattice of functions of L which are dominated by multiples of f. The 
quotients g/f, ge L(f), form a vector lattice L’ of bounded functions on the 
locally compact space So obtained by excluding from $ the closed set where 
f—0, and le L. Moreover our separation hypothesis above implies that L’ 
separates points in Sp. We define J on L’ by J(g/f) — 1(g); J is clearly a 
non-negative linear functional. Recompactifying, we can suppose that L’ is a 
vector lattice of bounded continuous functions on a compact set So, separating 
the points of this space and containing the constant functions. The two- 
sided extension with respect to J includes the uniform closure of L’, and the 
Stone-Weierstrass theorem implies that the uniform closure of L is the 
algebra of all continuous functions on So. Going back, (f N 1)/f is a con- 


182 L. H. LOOMIS. 


tinuous function on So which is identically 1 in a neighborhood of œ, and 
therefore remains continuous on the compactification So. It therefore belongs 
to the two-sided extension with respect to J. That is, fN 1 ee to the 
two-sided extension with respect to I, q.e. d. 


HARVARD UNIVERSITY. 
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ON A THEOREM OF BOCHER IN THE THEORY OF ORDINARY 
LINEAR DIFFERENTIAL EQUATIONS.* 


By AUREL WINTNER. 


Let A be an n by n matrix, defined as a continuous function A = A(é) 
for large positive ¢, and consider the linear differential equation 


(1) af = A(t) 


for the n-rowed vector s. If there belongs to every constant vector c a solu- 
tion vector z(t) of (1) satisfying s(t) — c as £—>co (that is, if the “initial 
condition ” «(œ ) can be assigned arbitrarily), then A(t) or (1) will be said 
to be of type (*) or to have (*)-character. It is clear from the principle of 
superposition (and from the existence of n linearly independent solution 
vectors) that, if A(t) is of type (*), then there belongs to every c exactly 
one z(t), and <(œ) = lim g(t) must exist for every solution g(t). 

For the same reasons, A(¢) is of type (*) if and only if there exists a 
(unique) fundamental matrix X(¢) satisfying 


(2) A(t) > as to, à 


where Æ is the n-rowed unit matrix. In fact, a fundamental matrix Æ is 
defined as any n by n matrix the columns of which are linearly independent 
solution vectors x of (1) ; so that 


(3) X’ = A(t)X 


and det X (t) s£0. The latter inequality holds for every t <œ if it holds 
for a single ¢; in which case it holds for t —co also, provided that A(#) is 
of type (*). It is also clear that if A(t) is said to possess (**)-character 
when the limit Æ(o) exists for some (hence for every) fundamental 
matrix X(t), then the (**)-character of A(¢) and the additional condition 
det (co) £0 {for some, hence for every, fundamental matrix) together are 
necessary and sufficient for the (*)-character of A(t). 


* Received June 20, 1953. l 
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If f(t), where const. <= ¢ < œ, is a continuous (scalar, vector or matrix) 
function for which the improper integral 


= T 
f f(L)dt is convergent, i. e., lim f T(t) dt exists 
s T'—> co 


(as a finite limit), then f(t) will be called of class Æ. Thus f(¢) ef is 
necessary but not sufficient for f(t) e L, if L denotes the case p = 1 of the 
class L?, that is, of the class consisting of those (continuous) matrix functions 
f(t) all elements of which have absolutely integrable p-th powers on the half- 
line const. S t <o. 

Suppose that 


(4) A(t)eR 
holds for the coefficient matrix of (1) (i.e, that the matrix function 
w co T 
(5) > A (t) =f A(s)ds, where flim f ; 
T— © + 
t t t 


exists, hence 
(6) A° (t) = 0(1) 


as {—>o). Then, in order that (1) has (*)-character, any of the following 
three conditions is sufficient: 


(I) A(t)eL 
(a condition under which the additional requirement (4)-(5) is superfluous) ; 

(II) A(t) e L? and A°(t) e LA 
for some p > 1 and the corresponding q == p/(p—1) > 1; finally, 

(III) A(t) = O(1) and 4° (t) eL, 
where the O-symbol refers to  —0. 

The (*)-criterion (I) goes back to Bécher, appearing in the literature 
for over fifty years (for references, cf. [1], p. 486, footnotes 57 and 58). 
Since (I) will be used below, a simple proof of its sufficiency for the (*)- 
character of A (t) will first be given. 

It is easy to prove (sée [3]) that there belongs to every solution vector 
a(t) s£0 of (1) a positive number é satisfying | ¢(t)| —> £, as fc, when- 


ever A(t) satisfies the pair of conditions A(t) e R, a(t) e R, where A denotes 
the least, and » the greatest, eigenvalue of the Hermitian matrix 4(4 + A*). 
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On the other hand, it is clear that A(t) e L is sufficient for A(t) e L (D F) 
and u(t) L (D R). Hence A(t) e L implies that, if s(t) is any solution 
vector, then s(t) = O(1), hence A(t)z(t) e L. In view of (1), this means 
that ’(t)e L. In particular 2’(t) e R, i. e., the limit z( œ) exists. Finally, 
z{oo) £0 unless (t) =0, since é is 0 only in the latter case. This 
proves (I). 


(II) and (III) were proved in [2]. 


It is clear that none of the three assumptions (I), (II), (III) on A(t) 
is contained in the other two, and that the two conditions of (II) belonging 
to distinct values of p are all distinct; so that all these sufficient criteria for 
the (*)-character of (1) are independent. It will however be shown that, 
by an adaptation of the formal device by means of which the function (5) 
was introduced in [2], it is possible to deduce from the first of the criteria 
(1)-(IIL) one criterion which contains all three (and more). The criterion 
in question is condition (i) in the following assertion : 

In order that (1) be of type (*), it is sufficient that 


(i) A°(t)A(t) e L 


(where (4), i. e., the existence of the function (5), is part of the assumption). 
Since (I) is sufficient for (4)-(6), it is sufficient for (1). Similarly, 
(i) follows from (IIT) also. Finally, (i) follows from (II) by Hôlder’s 
inequality. Thus the (*)-criterion (i) contains all of the preceding ones. 
Since the factors of the matrix product occurring in (i) are not com- 
mutable (in general), it is by no means clear that (1) can be replaced by 


(ii) A(t)A°(t) eL 


as a sufficient condition for the (*)-character of (1). That (11) proves to be 
sufficient, will be due to the fact that if X, — X, (t) is a fundamental matrix 
belonging to a coefficient matrix A(t), then the inverse X,- of X, is a 
fundamental matrix X, = X(t) belonging to the coefficient matrix A.(t), 
where A, = — Y,74,X,. This fact can be verified from the rule 


(7) (Fa) SS 
which is valid for every differentiable matrix function F — F(t) of non- 
vanishing determinant. 


The proof of the sufficiency of (i) proceeds as follows: Since (5) implies 
that A = (— 4°)”, the equation (3) can be written in the form 


(8) RE = (— A° YX =— (A°XY AO = (A° XY + A°AZ, 
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by (3). Since (8) can be written in the form Y’ = A°AX, where 
(9) Y = (E + A°)X, 

it follows that Y’ == CY, where 

(10) O = A°A(E + A) 

Accordingly, (3) is equivalent to 

(11) Y’ == O(t)Y 


by virtue of the definitions (9)-(10), provided that ¢ is large enough. The 
latter proviso is needed in order that (6) assures the existence of the 
- reciprocal which is the third factor in (10). 

Suppose that A(z) satisfies condition (i). Then (10) and (6) imply that 
C(t)eL. Hence, if the (*)-criterion (1) for (8) is applied to (11), it 
follows that C(t) is of type (*). Corresponding to the formulation (2) of 
the (*)-property of (3), this means that (11) has a solution Y = Y (t) 
satistying Y(t) > E as { co. Ii this Y and (6) are substituted into (9), 
then (9) defines, for large t, an X = X (t) satisfying (2), which means that 
(3) has (*)-character. This proves the sufficiency of (1). 

In order to prove the sufficiency of (ii), put Z == X=. Then it is 
readily seen from (7) that (8) can be transformed into 


(8 bis) Z = (ZA°) + ZAA®. 

This latter equation can be written in the form W’ =: ZAA°, where 

(12) W—Z(E— 4°). 

But (12) and (6) show that, if ¢ is large enough, W’ — ZAA?’ is equivalent to 
(13) W == W(E — A°j"AA°. 


Finally, it is seen from (7) that (13) can be written in the form (11) by 
placing Y == W~ and 
(14) C == —( E — A°) 7AA’. 


Suppose that A(#) satisfies condition (ii). Then, by repeating the 
argument applied above to the case (10) of (11), it follows that the case 
(14) of (11) has a solution Y — Y(t) satisfying Y(t) —E£E as too. 
Starting with this Y(¢) and applying the three definitions W = Y~, (12), 
X = 71 successively (the second of them in conjunction with (6)), one 
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obtains an Æ (t) satisfying (2). This proves that (ii) is sufficient for the 
(*)-character of A(t). 

It is clear from the preceding proofs that the arguments leading to the 
sufficiency of (i) or (ii) can be repeated so as. to assume either of the 
conditions 


(i bis) B° (i)B (t) e L, (ii bis) BEB (t) eL 
(along with the existence of B° (t), i. e., with B (t) ) for either of the matrices 
B=A°A, B— AA°. In addition, these processes can be combined and 
repeated indefinitely. Thus there results an infinite scale of criteria each 
of which is sufficient for the (*)-character of A(t). 

All of these criteria assume (4), since otherwise A° (t) does not exist. 
It is therefore natural to ask whether the existence of A°(¢) is a necessary 
condition for the (*)-character of A(t). The answer to this question is in 
the negative: A(t) can be of type (*) when A(t) gR. This will be proved 
by an example of an n-rowed A(t), with n—2. (Such an example cannot 
exist in the scalar case, n == 1, of (3), since 


t 
(15) det X (t) = const. exp f trace A(s)ds, where const. + 0, 


ts 
holds for every fundamental matrix X (t) for every n = 1.) 

In order to prove the last italicized statement, let A(t) be unspecified, 
suppose that (3) has a solution X(t) satisfying (2) and put X(t) = E + Vd). 
Then 
(16) V(t) =0(1), 
as t—>oo, and (3) shows that A = XX V'(E + V)2—V'3 (— V)” if 

n=0 
¢ jis large enough; cf. (16). Thus 


D A(t) = V(t) — VAV (t) +U (t), where U = 3 (—1)V/Pr. 
n=2 

Since the formulation (16) of the (*)-character of (3) implies that V’(¢) e B, 

it follows from (17) that A(t) £R if 

(18) WOVE) ER 


but U(t)eR. On the other hand, it is clear from the definition of U in 
(17) that U(t)eL (D R) if, as t &, 


(19) V(t) = O(1) and V(t) = O(#7). 
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Since the second of the conditions (19) implies (16), it follows that, in order 
to prove the existence of an A(t) ¢ R possessing (*)-character, it is sufficient 
to assure the existence of some (continuously differentiable) square matrix 
V = V(t) satisfying the conditions of (16), (18), (19). In fact, any such 
V(t) defines, by (17), an A(t) possessing the desired properties. 

In view of the remark made before (15), such a V(t) cannot exist in 
the scalar case ( n = 1). On the other hand, the binary matrix 


_ Af e(t) 0 _ cae 
(20) VQ) = 7 E M where e(t) == exp( ý i 
is such a V(t) (for l1St<o). In fact, it is readily verified from (20) 
that if V’V = | fag | then fa (t) = 40/t, which implies that (18) holds, 
while (19) is clear from (20). 


The interest of this example lies in the circumstance that not even the 
first step in the process of the successive approximations to (2)-(8) can be 
made if (4) is violated. In fact, this process consists of the assignments 


(21) Xya (t) = A (t) Xr (4), Arno) = E, where X(t) =H. 
But (5) shows that (21) leads for k == 0 to X,(¢t) = E — A° (t) or to no 
X(t) according as (4) is or is not satisfied. 

Actually, not only the implicit assumption (4) of the criteria (i), (ii) 


but also the latter themselves can be expressed in terms of the case k == 0 
of (21). In order to see this, suppose (4) and put 


(22) Y(t) =E—A°(t), Z(t) = (H—A*(t))*; 


so that Y = {,, Z = X,™> (for large ¢; cf. (6)). These matrices are solu- 
tions of the respecitve differential equations 


(23) Y’ == B(t)Y, Z = 0 (t)z, 

‘where B == Y'Y> = (E — A° Y (E — A°)7 or, by (5), 

(24) B = A (E — A°)°71, C=—(E— A°) "A 

(the second of the relations (24) is a consequence of the first in view of 
Z = Y> and of the rule mentioned before (7)). On the other hand, (6) 
and (22) show that (2) is satisfied by X = Y and X = Z. In view of (23)- 


(24), this means that B(t) and C(t} are of type (*) under the assumption 
(4) alone. 
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Under the respective additional assumptions (ii), (1), it is easily con- 
cluded from (6) and (24) that 


(25) (A(t) —B(t))eL, (A(t) + (t)) eL. 


Accordingly, the rôle of the assumptions of the (*)-criteria (ii), (i) for 
A(t) is that of assuring the L-character of the “small perturbations” of the 
coefficient matrix A(t) or of the corresponding coefficient matrix — A(t) 
which results if the solution matrix XY is replaced by Y = X, or Z2=X1"; 
cf. (23). Correspondingly, since B(t) and C(t) in (24) are of type (*), 
the sufficiency of (ii) or (i) for the (*)-character of A(t) could also be 
proved by applying to (23) the method of the variation of constants and 
using the fact that, according to the (*)-criterion (I), the (*)-character of 
A(t) —B(t), A(t) + C(t) is assured by (25). 

| (It does not matter that, by this approach to (ii), (i), the coefficient 
matrix A(t) of (8) becomes replaced by — A (t) in the second case of (25). 
In fact, it is clear from (4)-(5) and from the definitions of the function 
classes R, L that either of the conditions (i), (ii) is satisfied by A(t) if and 
only if it is satisfied by — A (t). On the other hand, since the knowledge of 
a solution ¥ (t) of (3) contributes no information whatever to a solution 
W(t) of W =— A(t) W, there is nothing to indicate that — A(t) must be 
of type (*) when A(t) is of type (*) for some reason.) 

It will finally be shown that the existence of X,(#) is not only unneces- 
sary but insufficient as well: A(t) need not have (*)-character if A(t) e R. 
In order to prove this converse of the negation proved above with the aid of 
the matrix V(¢), an A(t) is needed which, as before, is binary (n = 2), at 
least. In fact, it is clear from (15) that condition (4) is not only necessary 
but sufficient as well for the (*)-character of A (t) in the scalar case (n = 1). 

Let A(t) be the binary matrix in which the first and second rows are 
a(t),0 and b(¢),— a(t), respectively, where 


(26) a(t)eR, b(t) eR. 


€ 


Then (4) is satisfied and (1) can be written in the form of the system 
w =a(t)u, v = b(t)u—a(t)v, where u, v denote the components of the 
vector 7. Since, as readily verified, a solution of this system is given by 


(27) u(t) —exp— ff a(s)ds, off) = Cf 0(s)ut(s)ds}/u(e), 


the last italicized assertion will be proved if it is shown that the functions 
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(27) need not tend to limits, as ¿—>œ, if only (26) is assumed. But it is 
clear from (27) that u(t) — 1 and that v(t) will therefore fail to tend to a 
limit if b(t)u? (t) £ R, that is, if 


(28) b(t) exp f _- 2a(8) ds ¢ B. 


Consequently, it is sufficient to ascertain that (26) is compatible with (28). 

To this end, let b(¢) be any (continuous) function satisfying b(t) e È 
and b(t) g L (for instance, let b(t) == (sint)/¢). Then it is possible to 
choose a (continuously differentiable) function f(t) which tends, as t—> o, 
to 1 and is such that b(t)f (t) g R. Clearly, (26) and (28) become satisfied 
if 2a(t) is chosen to be the logarithmic derivative of such an f(t) == f,(t). 
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= COMMUTATORS OF OPERATORS, IL* 


By Paur R. HALMOS. 


1. Introduction. Suppose that A and B are linear transformations on 
a complex Hilbert space H and let C be their commutator, C = AB — BA. 
Problems concerning C can be studied on three levels of generality. On the 
lowest level, it is assumed that H is finite-dimensional; on the intermediate 
level, infinite-dimensional spaces ‘are allowed, but only bounded linear trans- 
formations (here called operators) are considered; and, on the highest level, 
both the space and the transformations remain completely unrestricted. Since, 
roughly speaking, on the highest level anything can happen, whereas on the 
lowest level nothing can happen, the mathematically interesting and difficult 
problems are all likely to be on the intermediate level. Thus, for example, 
the identity operator is a commutator of unbounded transformations, but not 
of operators, and the identity operator is the sum of two commutators of 
operators, whereas the identity matrix (of finite size) is not the sum of any 
finite number of commutators of matrices. 

The purpose of this note is to obtain some positive and some negative 
results concerning commutators on the middle level, and to call attention to 
some unsolved problems. The results are of three types. Section 2 studies 
the role which 0 plays in the spectrum of a commutator. Section 3 concen- 
trates on the problem of approximation by commutators, and, in particular, 
on how near a commutator can be to the identity. In Section 4 a factoriza- 
tion theorem, valid for every operator, is proved and applied to the problem 
of studying the spectrum of a commutator. 

The three -evels of operatorial generality have their analogs in pure 
algebra; the lowest level corresponds to finite-dimensional algebras, the middle 
level to normed algebras, and the highest level to completely unrestricted 
algebras. At times the relation becomes more than an analogy; in particular, 
it will be seen that several of the proofs below can be transferred from 
(bounded) operators to (normed) algebras without any change. Nevertheless, 
in order to atoid unnecessary complications, the more special terminology 
and notation of operator theory will be preferred throughout. 

It is occasionally convenient to use the differential notation for commu- 
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tators. Thus, to study AB -— BA, the operator B will be fixed once and for 
all, and the commutator, regarded as a function of A, will be denoted by A’. 
The mapping A — A’ is a derivation; i. e., it is a linear transformation from 


operators to operators that has many of the properties of ordinary differen- 
tiation. Thus 


(Ady I Á AB en BA Á» 
om di (AB —BAz) + (AB — BA.) Ag == AA's + AAs, 


and therefore the non-commutative versions of all the usual Leibniz formulas 
are valid. The product formula applied to A* (k—1,2,: : :) yields 
(AE) = AFA’ + (A*1)’4; by an obvious induction argument it follows 
that 


k-i 
(AB)! = Ÿ APA Ai, 
420 


2. Divisors of zero. In the algebraic study of commutators an impor- 
tant role is played by Jacobson’s lemma ([4], Lemma 2). That lemma 
asserts that, in an algebraic algebra over a field of characteristic zero, if A’ 
commutes with A, then A’ is nilpotent. Kaplansky conjectured that an 
analog of this result is valid for normed algebras, i. e., that if A’ commutes 
with A, then A’ is quasi-nilpotent. (Recall that, by definition, A’ is quasi- 
nilpotent if ||(A’)” ||/"—> 0 as n 0, or, equivalently, if the spectrum of A’ 
consists of 0 alone. Still another formulation says that r(A’) == 0, where r, 
here and below, denotes the spectral radius. For a discussion of such 
concepts and their role in normed algebras see [3], Chapter V.) Kaplansky’s 


conjecture is not settled yet; the following results, however, are corroborative 
evidence. 


THEOREM 1. If A’ commutes with A, then A’ is a (two-sided) generalized 
divisor of zero. 


Proof. The equation for the “derivative” of A” implies that under 
the present commutativity hypothesis (AY == nA*™-14A”. It follows that if 
A is nilpotent (in the usual algebraic sense), then A’ is a divisor of zero 
(also in the algebraic sense). If A is not nilpotent, then the relation 


nm || Arta’ | = | AnB— BA* | S2]A]-|By-l47] 


implies that | A*A’ |/|]| A"? || —> 0 as n—>00, i.e., that A’ annihilates the 
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sequence {A”-1/| 4"-1 ||} of operators of norm 1. Since this is the definition 
of a generalized divisor of zero, the proof is complete.? 

The above proof is valid in any normed algebra. The method was first 
used by Wielandt in [6] to prove that A’ cannot be equal to 1; for an earlier 
and different proof, see Wintner [7]. That result, of course, is an immediate 
consequence of Theorem 1. Equally immediate is the following corollary, 
which is being put on record here for convenience of reference. 


COROLLARY. If A’ commutes with A, then A’ is not invertible. 


The conclusion of Theorem 1 is expressed in normed-algebraic terms; 
it is sometimes convenient to be able to use operatorial language. This 
desideratum is achieved by the following slight weakening of Theorem 1. 


THEOREM 2. If A’ commutes with A, then 0 belongs to the approximate 
point spectrum of A’. 


(For related results, see [5], especially Theorem II, p. 359.) 


Proof. It :s sufficient to prove that an operator C is a generalized left 
divisor of zero if and only if 0 belongs to its approximate point spectrum. 
Suppose therefore that CD, — 0, with | D, || = 1, and let +, be a vector such 
that || Duta | = 3 || tall. If Yn = Drta/|| Di, |, then | ya | = 1, and 


| Cyn || = | CDatn |/l| Darn || S| CDa ll || en 7 (3) ll &n |] = 2 | CDn || o. 


Tf, conversely, Cz, — 0 as n—>œ, with || £a | — 1, write Dir = (2, 2) 2h. 
It follows that D, is the projection on the one-dimensional space spanned 
by €a, so that | D, || —1. The relation 


| CDrx || = || C (8, tn) an | S À Can I a f 


valid for all n and +, implies that | CD, | S | Ca, | — 0 as n —00. 


3. Density. The results of the preceding section are essentially nega- 
tive; since they say that commutators must satisfy certain conditions, their 
‘ chief use is in proving that certain operators are not commutators. In this 
section and the next the emphasis will be positive; it will be shown that on 
an infinite-dimensional Hilbert space there are many commutators. 


LEMMA 1. If A ts an operator on a Hilbert space B, and vf Mis a 


+I should like to express my appreciation to Günter Lumer and Juan J. Schiffer 
for many interesting conversations on the subject of commutators. Theorem 1, in 
particular, was obtained in collaboration with Schiffer. 
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subspace of H such that dim M = dim ML, then there exists a commutator 
C on H such that Cz == Ax whenever ce M. 


Proof. Let Q be a partial isometry with initial space M and final space 
N C MA. In other words, Q sends M isometrically onto N and annihilates 
M+, whereas Q* sends N isometrically onto M and annihilates N+ (and 
therefore annihilates M). If P—AQ*, then the desired commutator is 
C= PQ — QP; indeed, if re M, then 


Oz = PQr — QPr = AQ*Qr — QAQ*a = Aa. 


= THEOREM 3. If H is infinite-dimensional, then the set of commutators 
is dense, with respect to the strong topology, in the set of all operators on H. 


Proof. For any operator A and vectors 2,: * *, 2n, let M be the space 
spanned by the 2’s, and apply Lemma 1 to obtain a commutator C such that 
Cr; = Ag; j==1,:--,n. The existence of such a O implies that every 
strong neighborhood of A contains a commutator. 


The preceding result makes it natural to ask whether or not the set of 
commutators is dense with respect to the uniform (norm) topology as well. 
The answer to that question is not known. In view of this ignorance, and in 
view of the quantum-mechanical history of the study of commutators, it 
becomes pertinent to ask: how well can the identity operator be approximated 
by commutators? In finite-dimensional spaces the answer is easy. 


THEOREM 4. If H is finite-dimensional, then r(1 — A’) 221 for all À: 


Proof. For any operator A on H, let (A) denote the normalized trace 
of A, i.e, the average of the proper values of A. Since ¢(A’) —0 for 
all A, it follows that not all the proper values of A’ can lie in the circle 
{A:;|1—Aj< 14}. 


COROLLARY. If H is finite-dimensional, then | 1 — A’ | 21 for all A. 


Proof. This follows immediately from Theorem 4, together with the 
fact that the normalized trace is dominated by the norm. 


Note that, that since 0 is a commutator, the result of the corollary is 
best possible. | 

The main purpose of the next result is purely negative; it shows that 
the hypothesis of finite-dimensionality is indispensable in the corollary to 
Theorem 4. 


Taxrorëm 5. If A is infinite-dimensional, then there exists a commu- 
tator C on H such that | 1 — C |? 3.97. 
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Proof. Let U and V be isometries on H with respective final spaces M 
and N, where M — NL (The existence of U and V is ensured by the fact 
that H is infinite-dimensional.) In other words, U*U — UU* = 1 — UU* 
is the projection on ML, and V*V — VV* = 1 — VV* is the projection on 
N+ == M ; it follows that U*U — UU* + V*V —VV* = 1. If P and Q are 
defined by 


AP = (U + U*) HV + VE), 290 — (U — U*) — (V — V”), 


then a straightforward computation shows that C = PQ — QP = 1 + 1k, 
where Æ is the Hermitian operator (U*V* — V*U*) — (UV — VU). It 
follows that | R]<4 (In my earlier paper [1] I showed that every 
operator, and in particular the identity, can be the Hermitian part of a 
commutator. Up to this point the present proof succeeded only in re-estab- 
lishing that result, in a somewhat simpler and more explicit form than before, 
and in furnishing an estimate for the size of | # |.) 

Every element of the spectrum of C is of the form 1-474, where « is 
a teal number such that | «|< | R] <4. I£8 is a positive number, and 
if À belongs to the spectrum of 8C, then À == 8 + iða, so that 


| 1—a |? = (1—8)? + 8o. 


It follows that if 8=.1, then |1—A]?.97%. Three comments complete 
the proof. First: since the Hermitian part of C is 1, and therefore commu- 
tative with its skew-Hermitian part, the operator C is normal (and so also 
is ôC). Second: since, for a normal operator, the spectral radius and the 
norm coincide, | 1— $C ||? .97. Third: since C is a commutator, so is $C. 

In general the infimum of | 1—C |, as C varies over all commutators, 
is not known. There are, however, two special situations in which the 
inequality of the corollary to Theorem 4 remains valid. 


THEOREM 6. If A’ commutes with A, then | 1— A’ |] Z1. 


Proof. If | 1— 4’ | < 1, then A’ is invertible (see [3], Chapter V) ; 
the desired result follows from the corollary to Theorem 1. 


THEOREM 7. If the operator A is such that 


n-1 
bison > Are] AAA, 
4=0 f 
then | 1—A’ | 1. 


1e PAUL R. HALMOS. 
Remark. Since 
ni si | 
Fe 2 LA AC ae | = 2 | Art | - 4At Am |, 


the hypothesis trivially implies that the limit exists and is equal to 1. 


Proof. The Wielandt trick can be applied again. Since 


n—1 n-1 
(Ar) = X Ami 4’ Ai = nAn S An-1-i(1 — A’) At, 
4=0 4=0 
it follows that 
nL 
n | A" | S | 4B — BA” || + | 2 AP (een Ae 


Seal [Bi LAH ŠI Avis a | Aé |. 
Division by | 4-1 || yields 
n£<Rr|A4l [B|+11—41| A AEE AAA |. 


It follows that the hypothesis of the theorem is not consistent with the 
relation | 1— A’ || < 1, and the proof is complete. 

The hypothesis of Theorem 7 looks weird; its principal application is to 
subnormal (and a fortiori to normal) operators. An operator is subnormal 
if it has a normal extension (to a larger Hilbert space). The point is that 
if A is subnormal, then | A* || = | A |* for every positive integer k. (For 
normal operators this is well known; for subnormal operators, it follows 
from the results of [2].) In view of these comments, and of the fact that 
an isometry is easily seen to be subnormal, the following assertion is an 
immediate consequence of Theorem 7. 


COROLLARY. If A ts subnormal (and, in particular, if A is an isometry, 
or if A is normal), then | 1—A’ | = 1. 


The considerations of this section have been guided mainly by the 
question: can a commutator be near to the identity in the sense of norm? 
A related question is: can a commutator C be near to the identity in the 
purely algebraic sense that 1—C is nilpotent? In the finite-dimensional 
case the answer is obviously no; the trace of a nilpotent operator is 0, 
whereas the (normalized) trace of 1— © is 1. In the general case this 
problem takes its place with the many other problems concerning commu- 
tators of operators that still remain unsolved. 
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4, Factorization. ‘The main result (Theorem 8) of this final section 
is somewhat paradoxical; it asserts that (if H is infinite-dimensional) every 
operator behaves in some respects like a commutator. 

If K is the direct sum of two copies of H, then every operator on K can 
be considered as a two-rowed matrix whose entries are operators on H. The 
following auxiliary result considérs such matrices and proves that certain 
special ones among them are commutators. Since, in the infinite-dimensional 
case, H and K are isomorphic, the result could also be formulated in terms 
of H alone, but only at a considerable cost in clarity. 


Lemma 2. If H is infinite-dimensional, then to every operator A on H 
there correspond two matrices 


0 P\ ~ (0 O\ ., fA 0 
z—(. ay r—(0 4 with (4 5) XY — FX, 


where P, Q, R, and S are operators on H. 


Proof. If K is the direct sum of a countably infinite number of copies 
of H, then every operator on K can be written as an infinite matrix whose 
entries are operators on H. Just as in the case of numerical (infinite) 
matrices, not every such matrix corresponds to an operator. If, however, 
X is the matrix whose entries in the diagonal just above the main diagonal 
are all equal to A, and if Y is the matrix whose entries in the diagonal just 
below the main diagonal are all equal to 1, all other entries in both cases 
being 0, then XY and Y do correspond to operators on K. It is easy to verify 
that the commutator XY — YX has A in the (1,1) position and 0 every- 
where else. Since the first “axis” of K is isomorphic to the direct sum of 
all the others, 1. e., since K may also be considered as the direct sum of two 
copies of H, the result just obtained can also be expressed in terms of two- 
rowed matrices. The effect of expressing it in such terms is exactly the 
desired conclusion. | 


THEOREM 8. Every operator on an infinite-dimensional space can be 
written as the product of two operators whose product in the reverse order 
is a commutator. 


Proof. An application of Lemma 2 to the prescribed operator A shows 
the existence of operators P, Q, R, and S such that 


€ o)= re (Rs — SR) _ or): 


It follows that A == PQ and QP — RS — SR. 
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COROLLARY. Every operator on an infinite-dimensional space is the sum 
of two commutators. 


Proof. If A=PQ with QP—RS—SR, then A=PQ—QP+RS—SR. 


This corollary is an improvement of one of the results of [1]; the 
methods of [1] yielded the same statement with four in place of two. 

What can the spectrum of a commutator look like? Can it be an 
arbitrary compact subset of the complex plane? Here again the answer is 
not known. Easy finite-dimensional examples show that 0 need not belong 
to the spectrum of a commutator. If, however, 0 does belong to the spectrum, 
then the rest of the structure of the spectrum can be prescribed arbitrarily. 
The precise formulation of this somewhat vague statement is the following 
application of Lemma 2. 


THEOREM 9. If A is a compact subset of the complex plane, with 0 € A, 
then there exists a commutator C whose spectrum is A. 


Proof. Let A be an operator whose spectrum is A; the existence of an 
operator, and even of a normal operator, with prescribed spectrum is a 
standard exercise in elementary Hilbert space theory. If C —(4 A then, 
since 0e A, the spectrum of Ọ is also A; the desired result follows from 
Lemma 2. >. 
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LINEAR DIFFERENTIAL EQUATIONS WITH COMPLETELY 
MONOTONE SOLUTIONS.* 


By PHILIP HARTMAN and AUREL WINTNER. 


1. Let the coefficient f(x) in a linear differential equation of the form 


(1) y” —f(s)y = 0 


be completely monotone on the half-line (0,0), that is, let all derivatives 
f(x) of f(x) exist and satisfy 


(2) (—1)f0 Z 0 (k = 0, 1,: + +) 


on (0,%). It was shown in [5] that (1) must then possess a solution 
y (2) 3Æ0 which is completely monotone on (0,00). In view of the Hausdorff- 
Bernstein theorem, this means that, if the conditions (2) (which in general 
can readily be checked for the coefficient function of (1)) are satisfied, then 
(1) must possess a solution which is representable on (0,00) in the form 


œ 


(3) y (2) = f ettdu(t), where 0 = dy (t) 5 0. 


0 


Thus the existence of a Laplace solution (in fact, of one having the 
particular structure specified by (3)) follows without any use of-the classical 
technique of contour integrations, which can be applied (and is then laborious 
indeed) only if f is given explicitly. Correspondingly, the theorem, being a 
mere existence statement, can supply only the existence, but no indication 
leading to an explicit determination, of the function x occurring in (3). 


(The theorem does have some “explicit” use, but one in the reverse 


direction, namely, as follows: If f satisfies (2) on (0,0) and if it is known 
that (1) possesses a solution y(x) which remains bounded as z —>œ and is 
positive at some x == 2 > 0, then (—1)* times the k-th derivative of y (s) 
must be non-negative for every k = 0 and for every æ > 0. For a simple 
proof, cf. [6], where an application is given to Whittaker’s function Win.) 
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2. The existence theorem, mentioned at the beginning of Section 1, was 
extended in [1] from (1) to 


(4) h(x)y” + g(2)y —f(x)y = 0: 
under the following assumptions: On (0,0), 

(5*) h>0 

and 

(5) h’,g,f are completely monotone. 


In other words, (5*) and (5), where h’ == dh/dx, assure for the homogeneous, 
linear differential equation (4) the existence of a solution of the form (3). 
Needless to say, if (52), (5,), (57) denote the respective assumptions in (5), 
then (5,) is identical with (2) and (5*), (5a), (5,) are satisfied in the 
particular case (1) of (4). 

If a > 0 in Kummer’s form of the confluent hypergeometric equation, 
(6) sy” + (y —2)Y — ay = 0, 
or in the closely related differential equation of the parabolic cylinder, 


(7) y” — ay’ — ay = 0, 


then the well-known integrals 


(6 bis) y(2) = $ | gatjot(] + treads (0<2<0) 
or f 
(7 bis) jee J pattes exp (— HH?) df Zee alws, 


Q 

which are of the form (3), are solutions (the existence of solutions (3) in 
the limiting cases a==0 is trivial, since y(x) —=1, which belongs to 
p(t) = sgn t in (3), is then a solution). But the existence of these classical 
solutions is not accounted for by the criterion (5*)-(5). In fact, the circum- 
stance that the coefficients, g (£) = y — t and g(x) = — x, of the cases (6), 
(7) of (4) become negative (for large x) prevent the satisfaction of (5*)-(5), 
if a Z 0. 


3. While these cases of (4) violate (5,), they satisfy (5*) and are such 
that 
(8) ` Wh’, —g’, f are completely monotone. 
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Hence, what is at stake is whether (5,) can be generalized to (8,) in the 
sufficient criterion (5*)-(5) for the existence of a solution (3) of (4) (that 
(8,) is a generalization of (5,) follows from the fact that the negative of 
the first derivative of a completely monotone function is completely monotone, 
while the converse is not true). 

It will be proved that the answer to this question is affirmative. In 
addition, condition (8,) can be replaced by the assumption that —h” is 
completely monotone. Actually, since (5*) is retained and since 


(9) h>0 and A” =0 imply that K 20, if 0 K x <o, 


this is no further generalization of (5). In other words, (8) is equivalent 
to the assumptions that 


(10) — h”, — g’, f are completely monotone, (0 <r <%), 


if (5*) is satisfied. Accordingly, the theorem to be proved can be formulated 
as follows: 


(*) If the coefficients of (4) satisfy the assumptions (10) and (5*) 
on (0,00), then (4) must possess a solution y(x) which is representable on 
(0,00) in the form (3). 


Needless to say, if y(x) is such a solution, then so is any positive constant 
multiple of y(æ). Except for this trivial indeterminacy, the solution (3) 
is necessarily unique if the coefficients of (4) violate certain conditions. The 
latter follow in an explicit form from a more general result of [2], p. 382 
(a result which assumes much less than (10) and (5*)). 


4, The theorem announced in Section 3 is contained in the following 
theorem (**). If n=}, then (**) reduces to (*). For an arbitrary n, 
that particular case of (**) which corresponds to the particular case (5) of 
(8) is known; ef. (ibis) in [3], pp. 731-732. 


(**) Let the half-line (0,0) be the range of x in the differential 
equation 


(11) fo(2) Dry + 3 (—1)**fi()Dv¥y — 0, 
where D = d/dx and n È 2, and suppose that 


(12) — Dfe — Df, and fe, * - ,f, are completely monotone 
and 


(13) fo > 0. 
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Then (11) possesses a solution y(x) which ts representable on (0,00) in the 
form (8). 


5. The proof of (**) will depend on the following 
Lemma. In (11), let n > 2, and let (18) and 
(14) f(x) 20 (j= 2, 8,° * +, 2) 


hold on 0 < x <œ (while fı = 0). Then, if a solution y = y (£) = 0 of (11) 
satisfies | 
(154) (—1)*Dry = 0 (0<x<o) 


for k = 0,1, - : ,n—2, it must satisfy (153) for k = n— 1 also. 


In order to verify this lemma, note that (11) and (154), where 
k= 0,1,- > ,n—2%, imply that (—1)"(foDty + Dr ty) 20; hence 


D{(—1)"™*(De'y)exp À (f/fo)ds} SO 
X 


for 0< XSax<cow. If (15,4) fails to hold for some z-value, say for 
= X5>0, then (—1)"1D%4y <0 for XY¥Sa<o. Consequently, 
(—1)*1D-*y is decreasing for X = x <œ; so that (—1)"2Dr2y = 0 is 
increasing for À Ss <æ. In particular 


(16) (—1)"*D""y = const. > 0 for large v. 


On the other hand, n = 3 and the inequalities (15,3), (15,2) imply that 
D*-*y tends to a (finite) limit as s—>œæ. But a quadrature shows that this 
is incompatible with (16), that is, with the assumption that (15,_,) can 
fail to hold for some value of z = X > 0. 


6. The proof of (**) proceeds as follows: 


The assumptions of (**) imply (13) and (14). Hence, assertion (i) of 
[3] is applicable and assures the existence of a solution y = y(t) 5£ 0 of (11) 
satisfying (154), where k = 0,1,: : -,n—1. It will be shown, by induction, 
that this solution satisfies (15,) for k == 0,1,: - -. 

Assume that (15,) holds for k = 0,1,: : -,n + j— 2 for some 1 1. 
It will be shown that it also holds for k = n + 5 —1. To this end, let (11) 
be differentiated j times. The resulting equation, 
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j n | 
À Oin{ (DF) (Dy) +3 (— 1) (Dfa) (Deity) } — 0, 
where Cjm = } l/m! (} — m) !, can be written in the form 


(17) f(a) Diy +3 (—1) "Py (2) Day — 0, 
where Fy = F(x) is defined by 

(18) Py = (—1)C nD fe +3 (—1)"CimD "frm 
when 7—1,2,--- and k—1,2,---,97, and by 

(19) Py 3 (—1)"CimD"firm 


when j—1,2,--- and &=7+1,742,:°°,7-4%. 
The assumptions (12) imply that 


(20) (—1)## Df, 0, (—1)*D™f, =O and (— 1) D, = 0 
for k=0,1,--: and 7 2,:--,n. Hence, (13) and 20) show that 
(21) Fy,(z) Z 0 for k =2,3,---,n +7, 


since neither Df, nor f, occurs in the formulae for Fẹ when k = 2. By the 
induction hypothesis, the solution y—y(x) of (17) satisfies (15,) for 
k —0,1,-: :,n+j—2 Hence, the Lemma of Section 5 shows that (13) 
and (21) imply that y = y(x) satisfies (15,) for k = n + 7—1 (note that the 
condition n > 2 of the Lemma is satisfied by the present n + 722+ 7 > 2). 
This completes the induction and the proof of (**). 


7. Both in the assumptions and the assertion of (**), the z-range was 
the open half-lne (0,0). It is however clear that the proof applies on the 
closed half-line [0,0 ) also. The resulting variant of (**) can be combined 
with the following remark (which has nothing to do with differential 
equations) : 


If a function y(x) is completely monotone on [0,0 \, then the same is 
true of the functions yi(x), where 1—1,2,-- - and 


n(e) = {y(e) — 2 70(0)2/#0/(— 2): 


In order to see this, it is sufficient to observe that, according to Taylor’s 
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formula with integral remainder, the expression {+ -} occurring in the 
definition of y:(x) is 
1 


Cat f (—1)'y(wt)(1— dt (En)! 


9 


Appendix. 


Theorem (i) of [3], p- 731, on which the proof of (**) was based above, 
states that the conditions (13)-(14), where 0 < x <œ, assure the existence 
of a solution y = y(x) satisfying (15:) for k= 0,1,- : :,n—1. There is 
no condition on f,(20). Correspondingly, if fı 2 0 is assumed, then (15x) 
holds for k = n also (cf. loc. cit.). 

It is natural to ask whether or not the assumptions (14) can be omitted 
for some values of 7 on the range 2 S 7 = n if, in the corresponding assertion, 
‘some values on the range 0 & k S n— 1 are omitted for the index k in (154). 
A partial answer is given by (+) below. 


If Yi, Yo" © +, Ym are m functions, each having m derivatives, let W, = 1, 
W, = y, (x) and, if k = 2,---,m, let Wy = Wya (£) = Wi(@3 y Yatt Ye) 
denote the (k-rowed) Wronskian determinant of the functions Y1% © -, Yr 


(FT) Let0carcoand0Smsn. Inthe differential equation (11), 
let . 


(22) O fela) ZO fork—m-+i,---,n 


and tet the differential equation 


(23) fa (2) Dry + 3 (—1)**fe(2)D™+y — 0 

possess a complete set of solutions yı(£),' ` +, ¥Ym(&) satisfying 

(24) Wre = W(x) = Wk(£; Yn: °° Yn) > 0 for k==0,1,---,m. 

Then (11) has a solution y == y(x) satisfying (15,) for k = 0,1, : + -,n—m. 


This theorem (+) will be deduced from Theorem (I) in [3], pp. 733-734, 
which deals with a linear, homogeneous system of first order differential 
equations. 

First, if ao(v),- - -,an(z) denote the positive functions a = W/W, 
ax = Wr?/We Wee, where k=1,---,m—1, and a, —W,/Wh, then, 
according to Frobenius, the expression in the right of (23) can be “ fac- 
tored ” as 

fo@mD Em Dame * © * Da,Dacy, 
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where, for example, Da. Day = D (a, (D (@oy))) (for a simple proof, see [4], 
pp. 815-316). If y is replaced by Dry, then the expression in the last 
formula line becomes identical with the first m + 1 terms of (11). Hence, 
(11) can be written as 


(25)  foamDam:D : * < a, Dao D" "y + 3 (— 1)H1f, Doky = 0, 
Define n functions z,,- © ', Zn by the equations 

(26,) Z = (— 1) Dey if k= 1,: - -,n—m, 

(262) Sum = (— 1) ™*" 1a, Das: - + DagD*™™y if k= 1, + -,m. 


Then the n-th order differential equation (11) and/or (28) is equivalent to 
the following system of n first order equations: 


(27;) Zk = — By Uf k—1, °° ,n—m—i, 
(272) Za-msk-1 = — Žn-mk/@r- if k = Lm, 
% 
(273) 2a = — ï Fit His] Î ofm- 
k=m+1 
Since Go ` * `, Am are positive, it. follows from (22) that the coefficients of 


——%1,° ", — Zn On the right side of (27.)-(27;) are non-negative (in fact, 
the coefficients are 0,1, 1/ao,: © * , 1/@m-1) fmat/foOons fmso/folm © © * > fn/To@m)- 
Hence Theorem (I) of [8], pp. 733-734, is applicable and implies that the 


system (27:)-(27:) has a non-trivial solution zı = 4%,(@),° © +, % = Zn (£) 
satisfying z,(@) = 0, where k=-1,---,n andO0<a<ow. The definition 
(261) of zy for k == 1,: -,2—m and the definition of 2;-my1 in (262) now 


show that (11) has a solution y = y (æ) Æ 0 satisfying (15) for k = 0,1, 
‘+ +,n2—m. This proves (f). 

It may be mentioned that while Theorem (i) of [8] can readily be 
deduced from (+), the converse deduction is impossible. This is shown by 
the example 


(28) Dy +y—=0, 
which has the general solution 
(29) y == ae? -+ bel” cos (8Ëx/2) -+ cè? sin (34x/?). 


In fact, the conditions imposed by (i) of [3] on (23) are satisfied by the 
case (28) of (11), where m = 8, but it is readily verified that for no choice 
of the integration constants a, b, c will there result m == 3 solutions Y1, Yo, Ys 
satisfying the conditions (24). 
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ON NON-OSCILLATORY LINEAR DIFFERENTIAL EQUATIONS 
WITH MONOTONE COEFFICIENTS.* 


By PHILIP HARTMAN and AUREL WINTNER. 


1. Introduction. Let the coefficient function in the differential equation 


(1) y” + g(t)y = 0, 
where 0 = <œ, be continuous and monotone (both cases 
(à) dq = 0, (2) dg = 0 


will be considered). Along every solution y—y(t) s£0 of (1), define 
h = h(t) by 


(8) h = y”? + qy” 

and k= k(t) by | 

(4) k =y +y"/q it q0. 

Then, in the sense of Stieltjes integrations (in t), 

(5) dh == y*dq 

and 

(6) dk = — y?dg/q (9 0); 


cf. e. g., [10], pp. 384-885 and [5], pp. 530-531, respectively. Hence the 
monotony of g implies that of both functions (3), (4) of ¢; in fact, 


(7,) dh = 0, dk = 0, (7_) dh = 0, dk = 0 
in the respective cases (2,), (2_). 


On any interval on which y(t) +0, the logarithmic derivative 


(8) r(t) = y'(t)/y(t) 
satisfies the Riccati equation 
(9) Ern a 


(even if q is not monotone). 


* Received July 9, 1953. 
207 


208 PHILIP HARTMAN AND AUREL WINTNER. 

This paper will deal with the behavior of the functions (3), (4) and 
(8) when g(t) is monotone and 
(10) (1) is non-oscillatory. 


By (10) is meant that some (hence, according to Sturm, every) solution 
y(t) s£0 of (1) has only a finite number of zeros on the half line 0 St Ko. 
For,other results on the case of (1) for which (2_), (10) and g > 0 hold, 
cf. [5]. | 


2. Positive q(t). The first assertions will deal with the case in which 
g is monotone, positive and satisfies (10). Then (2,) is impossible, hence 
(2.) holds. In addition, 


(11) 0<q—0 as tu 
and, by (10) and q > 0, 


(12) f qg(t)dt <% 
must hold (cf. [11], p. 97), which implies, by (2_), that 


(13) tqg(t) — 0 as t->00. 


The first theorem, in contrast to most of the other theorems in this paper, 
will not assume that g is monotone. 


(*) If (1) is non-oserllatory and q(t) 20, and if y—y(t) is any 
solution (s£0) of (1), then, from a certain to onward, the derwative of (8) 
cannot become positive, 


(14) (t) S0 for to < t<, 


and, if t is large enough, 


(15) f q(s)ds & r(t) S 1/(t— to) (> t). 


The inequalities (15) refine the consequences, 


o0 


(16) f v(t) dé <æ and r(t) — 0 as t 0, 


of (10) and (12) (cf. [13], p. 375, where it is not assumed that g = 0 but 
only that (10) holds and that the integral in (12) exists as an improper 
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integral; cf. also [4], p. 891). The first inequality in (15) is stated in [18], 
p. 377. | 


Proof of (*). Since (9) holds for large t, the assertion of (*) con- 
cerning (14) follows from (9) and g=0. It also follows from (9) that 
r+ q0. Hence, a quadrature and the second of the relations (16) lead 
to the first of the inequalities (15). Finally, (9) implies that 7 + 7 = 0. 
If r(t) = 0 for some large t, then q = 0 and r= 0, and so it can be supposed 
that r(¢) > 0 for large t Hence r +r?Æ 0 implies that 1 +r/r = 0, 
and so a quadrature gives — r+ + t = const., which proves the second of the 
inequalities (15). 


In order to obtain further results under the same assumption (10) as 
in (*), recourse must be had to the following theorem (cf. [2], p. 703, and 
for the following formulation, [6], p. 633) : Even if just (10) (without (2.)- 
(2_) or sgn q = const.) is assumed, (1) possesses a solution y = yo(t) +0 
which will be referred to as the principal solution of (1), is unique to a 
constant factor and is characterized by the property that 


(17) yo(t) = o0(| y(t)|) as t>0, 

where y(t) is any solution of (1) linearly independent of y.(¢). An equi- 
valent characterization of yo(¢t) is that, when the lower limit of integration 
is large enough (so large as to exceed the last zero of y(t) ), 


Le 


(18) f (y(t)) dit <œ if and only if y £ const. Yo, 


where y == y(t) denotes any solution (5£ 0) of the non-oscillatory differential 
equation (1); cf. loc. cit. If y == y(t) =£0 is not a principal solution, then 


yo(t) = y(t) f (y(s))-2ds 


is defined for large ¢ and is a principal solution. 


(i) Let (1) be non-oscillatory and let q(t) be positive and monotone 
(so that (11) and (2_) hold). Then the function (3) belonging to any 
solution of (1) is such as to satisfy h(t) = 0 and dh(t) = 0, which implies 
that h(oo) exists (<œ) and h(o) 20. There exists some solution 
y(t) £0 for which the sign of equality holds in h(œ) 20; in fact, the 
principal solution yo(t) ts such a y(t). In order that h( co) = Q holds for 
every solution y(t), it is necessary and sufficient that 


14 
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(19) f tg(t) dt =% 
(in the latter regard, ef. (12)-(18)). 


Proof of (i). Since (7-), (11), (12) hold, only the assertions dealing 
with (co) = 0 need to be proved. The first of these assertions is that 


(20) ho( 00) = 0, 


where the subscript of h refers to the choice y(t) of y(t) in (3) (the corre- 
sponding notation, 1, will be used in connection with (8)). Suppose that 
(20) is false. Then h(t) > c holds for sufficiently large t and for some 
c = const. > 0. Since (3) and (8) imply that (9) can be written in the 
form 


(21) 7 -+ h/f = 0, 


it follows that — rọ’ = c/y,? (for large t), and so, by a quadrature, 


t 
—ro(t) + Const. =e È (yo(s))-*ds. 


But the expression on the right of this inequality cannot be bounded as t >, 
by (18), whereas the function on the left of the inequality is bounded, by 
(15). This contradication proves (20). 

In order to prove the remaining part of (i), note that (19) fails to hold 
if and only if (1) has a solution y(¢) s£0 which is asymptotically propor- 
tional to t as {—>c (for references, cf. [8]). On the other hand, if y(t) 
is chosen to be positive for large ¢, then y(t) is asymptotically proportional 
to ¢ if and only if the (non-increasing) function y(t) has a positive limit 
yf (00). Hence the statement of (1) concerning (19) is equivalent to the 
statement that A(t) == y? + qy? = Const. > 0 and y > 0 hold (for large t) 
if and only if y’ (t) = const. > 0 does (here y(t) is a non-principal solution ; 
ef. (18)). | 

Since the first part of the latter statement is clear, it is sufficient to 
show that if h = Const. > 0, y > 0 hold for large t, then y = const. > 0 does. 
But A(t) Æ Const. and (21) imply that — 17 = Const./y?, hence a quadrature 
and (15), (18) show that 


r(t) = Const. f (y (s) ) ds. 


If this inequality is multiplied by y(t), then the expression on the right is 
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a principal solution y(t) (cf. the formula line following (18)), and so 
the resulting mequality can be written in the form y’(t) = yo(t). Since 
yo(t) > 0 for large t, it follows, for reasons of convexity, that yọ (t) = 0 
and Yo(t) = const. > 0 for large t. Hence, y’(¢) = const. > 0 for large t. 
This completes the proof of (1). 


3. Negative q(t). While (*) and (i) have dealt with q(t) > 0, it will 
now be assumed that q(t) < 0; so that, if q(t) is monotone, —o< g(o) S 0. 
Ii —co < q(%) < 0, the asymptotic behavior of every solution y(t) and of 
its derivative is supplied by [12], pp. 60-61; cf. (39) below. 

The assumption g < 0 alone (without (2,)-(2_)) implies that the prin- 
cipal solution y(t} (to a constant factor) satisfies the inequalities 


(22) yo(t) > 0, W) <0, yo" (4) > 0 (0St<oa) 


and that, for large t, every non-principal solution y(t) (again to a constant 
factor) is subject to the inequalities 


(23) y(t) >0 y(t) >0,  y'()>0; 


(Kneser; cf. [1], pp. 48-53, and, for other proofs, [2], p. 702, and [7]). 
There obviously exist solutions y = y(t) satisfying (23) on zhe entire range 
0St<o. Under the additional assumption that q is monotone (and that 
the above-mentioned case —60 < g(co) < 0, which can be integrated by 
asymptotic formulae, is excluded), theorems (ii), (iii) below will describe 
the behavior of the functions (3) and (8). 


(ii) Let q(t) be negative and monotone and q( œ) = 0; so that (2,) 
holds and 
(24) 0 > g—0 ast—-o. 


Then, for the principal solutions (22), 


(25) To(t) < 0, ro (t) > 0 (OSt<o) 
and (what is more) 

(26) ho(t) <0,  dho(#) 20 (0<t<w), 
whereas for the non-principal solutions (23), and if t is large enough, 
(27) r(t)>0, (t) <0 


and (what is more) 
(28) h(t) > 0, adh(t) = 0. 
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In addition, r(c) ==0 holds for every solution and ho( œ) —0 for the 
principal solution. Finally, h( œ) =œ holds for the non-principal solutions 
(23) of and only if 


(29) f — tg(t) dt =o (q< 0). 


The assertion r(co) = 0, made after (28), follows from Perron’s refine- 
ment of Poincaré’s theorem; cf. [9]. 

In contrast to (22) and (26), the inequalities (28) need not hold on 
OZt<oo (but only for large t) even if (23) holds for all t= 0. 


Proof of (ii). Since (9) is equivalent to (21), it is clear that (22) 
and (26) imply (25) and that (28) and (28) imply (29). Note that 
dh = 0, by (2,), (7.). 

Suppose, if possible, that (€) = 0 for some t = to = 0. Then h(t) = 0 
and, by (21), ro (€) =0 for t = fo. Since (22) implies that ro(t) < 0, it 
follows that ro(t) = — const. < 0 for t = tẹ, which contradicts r,(c0) = 0. 
This proves (26), hence (25). 

In order to prove (27) for large t, it is sufficient to prove that h(t) > 0 
for some t. Since r(t) > 0 and r(oo) =Q, it is clear that 17 (t) < 0 for 
some t, say for t = to Then (21) implies that h(%) > 0. This proves (28), 
hence (27). 

Concerning the assertion (co) == 0 of (ii), note that, by (21), yof) 
and Yo’( 0) exist (as finite limits). In addition, yọ’ (%0) == 0, since yo (t) (< 0) 
has a finite integral over OS t<oo. Hence hy(o)=—0 follows from 
Yo (co) = 0, q(% ) = 0 and the boundedness of y(t). 

Finally, the proof of the assertion of (ii) concerning (29) and h( 00) == 00 
is about the same as the proof of the assertion of (i) concerning (19) and 
h( œ) = 0, and will therefore be omitted. 

The following theorem (iii) describes the situation in the second of 
the cases 


(30) g(æ)=0, g( oo) ==—0, where g < 0, 
in the same way as (ii) in the first of the cases (30). 

(ii) Let g(t) be negative and monotone and q( œ) == —œ ; so that 
(2_) holds and 
(31) 0 > q(t) ——0c as t— o. 


Then, for the principal solutions (22), 
(32) To(t) <0,- ro" (4) < 0 (0St<o) 
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and (what is more) 


(33) ho(t) > 0, dho(t) & 0 | (OSt<o), 
whereas for the non-principal solutions (23), and if t is large enough, 
(34) v(t) > 0, (4) > 0 

and (what is more) 

(35) | h(t) <0,  dh(t) SO. 

In addition, 

(36) ro(co) =— o, hy (co) = 0 or g( co) =0,h( 0) =—oo 


according as the solution is principal or non-principal. 


The first and third of the four assertions (36) are known; in fact, the 
classical proof (cf. [1], p. 54) for the case —-o< g(o) < 0 is valid for 
the case g( oo) == —oo also. 

Proof of (11). The proof of (33) (hence (32)) and of (35) (hence 34) ) 
in (i) is about the same as the proof of (26) (hence (25)) and of (28) 
(hence (27)) in (ii), and will therefore be omitted. What remain to be 
proved are the second and the fourth of the relations (36). 

Since (22) implies that = yo dt Lo, where yo’ < 0, and that yo is 
monotone, it is clear that yọ (œ) — 0. On the other hand, since q < 0, it is 
seen from (3) and (33) that 0 < ho(t) < yo(t). Hence the second of thie 
assertions (36) follows from yọ (œ) == 0. 

Finally, since (23) implies that y(%) =o, hence y? (t) > const. > 0 
(for large £), the fourth of the assertions (86) follows from (2,), (5) and (31). 

The following theorem deals with the case of a monotone, negative q(t) 

with —œ < q(~) < 0, say 


(37) q(%) =— o”, where 0 < w <o. 

It is known that if g(t) ——w* as ¢->, then the principal and non- 
principal solutions, y = yo(t) and y == y(t), satisfy 

(38) To(t) > — w and r(t) — w as t->% 


(cf., e. g, [1], p. 54), and that (37) and the monotony of q (in fact, the 
boundedness of the variation of g on 0 Æ t <œ) imply that 


t 
(39) y(t) ~ const. exp f — (— q(s))'ds, y(t) ~~ Const. exp f (— q(s))tds 


0 


as ic (cf. [12], pp. 60-61). > 


214. PHILIP HARTMAN AND AUREL WINTNER. 
(iv) Let q(t) be negatwe and monotone and satisfy (37). Then, 


according as (2,) or (2_) holds, the principal solutions (22) satisfy, for 
(Sto, 


(404) To < — W, To > 0 OT (40_) To > — 4, do < 0 
and (what is more) 
(41,) ho < 0, dho = 0 or (41_) ho > 0, dhe = 0; 


in addition, ho( œ) == 0. On the other hand, 


eo t 

(42) + f {exp2 f (—a(s))¥ds}dq(t) = 
is necessary and sufficient mn order that the non-principal solutions satisfy 
(43,) h{ 0) = 00 OT (43_) h( co) =—; 
in which case, for large t, 
(44,) r>o,7 <0 or (44 ) r<Lo,r > 0 
and (what is more) 
(45,) h>0,dh = 0 or (45_) h < 0, dh = 0. 
If (42) fails to hold, then (43)-(45) must be replaced by (7) and 

(46) | h(co)=Æ +o. 


If (42) does not hold, then h(oo) can be made an arbitrary number 
(4 +% ) by a suitable choice of the non-principal solution y = y(t). For 


example, if g(t) = — 1, so that (1) becomes y” — y = 0, then, for the choice 
y = et + cet of the solution, the function (8) is h(t) ==— 4c (and so 
h (co) = — 4c). 


Proof of (iv). The proofs of the assertions concerning 1) and fy are 
similar to the proofs of the corresponding assertions in (ii) and will be 
omitted. The proof of the statements concerning (43) (hence (44) and 
(45)) and (46) follows from (5) and the last part of (89), leading to 


(42 bis) | h(t) + const. ~ Const. f {exp 2 f (— q(u) )3du}dg(s). 
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4. The case where 


(47) f q(t)dt converges f vite À ) 


(possibly just conditionally). As mentioned after (15), the inequality 
f q(s)ds S r(t) and the relations (16) do not depend on the assumption 


t 
g = 0 of (*) but only on (10) and (47). 

In contrast to the inequality (15,), which involves the remainder of 
(47), the assertions of (ii)-(ii1), where q < 0 and (2,)-(2_) are assumed, 
lead to inequalities (again for r) which involve the square root of — q. In 
fact, if (2,) and (24) hold, then, if ¢ is large enough, m < 0 and r > 0. 
Hence, by (26) and (28), 


(48) 0>œr>—g* and r> q", where g* = (—q)# > 0. 
Similarly, if (2.) and (31) hold, then (33) and (35) imply that 
(49) fo < — që and 0<r< g*, where g* = (— q)? > 0, 


if ¢ is large enough. 


Since (48)-(49) are inequalities for the logarithmic derivative (8) of 
a principal or a non-principal solution, y, or y, quadratures lead to inequal- 
ities for yọ and y themselves. There is a corresponding remark for (15,), 
which holds fox principal and non-principal solutions. In fact, a quadrature 
of (151), where (10) and (47) are assumed, shows that there belongs to 
every solata y(t) s£0 of (1) a const. >0 satisfying, for large t, the 
inequality 


(50) y(t) > const. exp f Q(s)ds, 
where i 
(51) 0) =f ‘a(s)as 

t 


(cf. (47)). But the inequality (50) can be improved if the assumptions 
(10) and (47) are strengthened: 


(+) Let q(t), where 0 St <0, be any continuous function satisfying 
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(47) and having the property that, if Q(t) is defined by (51), the differential 
equation 


(52) a’ + 407 (t)e = 0 
is non-oscillatory. Then 
(a) the differential equation (1) is non-oscillatory ; 


(8) corresponding to every solution x(t) 40 of (52), there exist two 
solutions of (1), say y = Yo(t) and y = y° (t), satisfying 


(53) 0 < y(t) S| a(t) Pexp È Q(s)ds y(t) 
for large t. | 


The assumptions that (47) holds and that (52) is non-oscillatory imply 
the inequalities (53) for certain solutions of (1). If the assumption that 
(52) is non-oscillatory is strengthened to 


f tQ2(t) dt <, 


there result asymptotic formulae for the solutions of (1); cf. [18], theorem 


(i), p. 719. 
Assertion (a) of (f) was proved in [3], p. 959. Assertion (8) of (7) 
will follow by a modification of the proof of (a). 


Proof of (f). If an arbitrary solution s(t) s£0 of (52) is replaced, 
when necessary, by — x(t), then, since (52) is supposed to b&&non-oscillatory, 
it can be assumed that z(t) > 0 for large t. In terms of such, `(¢), define 
(for large t) a function by placing Ÿ 


(54) 2(t) = {a(t)}¥ exp f Q(s)ds > 0. 


Logarithmic differentiation of (54) gives 

(55) d/a=%x/2 + Q, 

whence another differentiation leads to 

(56) z” — {59 — 9 + (ap + Q)*}2=—0, 


where p denotes x’/a. In view of the latter definition, p belongs to (52) in 
the same way as r in (8) belongs to (1). Hence, what belongs to (52) in the 
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same way as (9) belongs to (1) is the Riccati equation p’ + p? + 4Q? = 0. 
It is seen that (56) can be written in the form 


(57) 27 + {q + (4p — Q})°}z = Í, where p = 2/2. 


Since the solution (54) of (57) does not vanish, the differential equation (57) 
is non-oscillatory. But the coefficient function q of (1) is majorized by the 
coefficient function {- - -} of (57). Hence (+) follows from the comparison 
theorem (iv) in [6], pp. 635-636, and its proof. 


5. A remark on the case q 0. As mentioned at the beginning of 
Section 2, condition (47) is necessary for (10) if g 0. Hence it is natural 
to ask whether or not the converse of assertion (a) of (+) is true in the case 
g = 0, that is, whether or not (52) must be oscillatory if (1) is and if g = 0. 
The answer to this question remains undecided even under the restriction 
that q tends monotonously to 0 as t->o0. 

What is easy to see is that, even without the restriction just mentioned, 
the answer is in the affirmative if (52) is weakened to 


(58) a’ + Oa = 0; 
in addition, the assumption g = 0 can be relaxed to Q = 0, if (47) holds: 


> (I) IF (1) ts non-oscillatory and (47) holds, and if the function (51) 
is non-negative, then (58) is non-oscillatory. 






In fact, 7° y — y (t) s£0 is a solution of (1), then (16) is a consequence 
so a quadrature of (9) leads to 


— rt + E + Q= 0, where R(t) -=Í r(s) ds 
t 

This can be written in the form {R} + 2EQ — 0, if {R} 
Motes W + R°? + 07%. Consequently, {E} =0 (for large t), since Q 20 
and R =0. Hence the statement concerning (58) follows from the criterion 
of [13], p. 368. In fact, the definition of {R} shows that the limiting case, 
{R} — 0, of the inequality {R} 5 0, is the Riccati equation which belongs 
to (58) in the same way as (9) belongs to (1). 

Under the assumptions of (I), assertion (8) of (+) has the following 
analogue: : 
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(II) If the conditions of (1) are satisfied, then, corresponding to every 
solution x = s(t) s£0 of (58), there exists a solution y—y(t) of (1) 
satisfying 


"$ 
y(t) =le) lep | (ds 
for large t. . 


In particular, (1) has solutions satisfying 


t 
y(t) Ztexp Í Q(s)ds 
8 
= for large t, since Q* = 0 implies that (58) has solutions satisfying a(t) = t. 


If this remark is combined with the assumptions and the assertion of (I), 
it follows that (58) has solutions satisfying 


t co 
a(t) = exp È Cf Q7 (wu) du) ds. 
0 8 
Hence (1) has solutions for which 


y(t) Z tepl f as f Cf O ludu)ds) 


holds for large ż. 
The details of the proof of (II) will be omitted since it is similar to 


that of (8) in (f), if (54) is replaced by 


4 


z(t) = x(t) exp f Q(s)ds. 


THe JoHNS HOPKINS UNIVERSITY. 
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DIVERGENCE OF VECTOR FIELDS AND DIFFERENTIAL 
EQUATIONS.* 


By S. K. ZAREMBA. 


The present note contains several propositions concerning the geometry 
of the integral curves of the differential equation 


(1) du/X (z, y) = dy/Y (x, y). 


All these propositions involve the divergence X,(z,y¥) + Y,(z,y) of the 
vector (X, Y). The first part of this note gives a geometrically intrinsic 
form to the well-known formulae describing the variation of the integral 
curve of a differential equation, regarded as a function of the initial point. 
The second part deals with some immediate applications of the first part to 
the theories of limit cycles and first integrals; finally, m the third and fourth 
parts, we obtain a theorem which is partly reciprocal to Bendixson’s criterion 
for the absence of closed integral curves. 


I. The variation of the integral curve. It is well known [3] that if 
the functions f(x,y) and f,(x,y) are continuous in a domain G, and if 
w(@,%,7) is the solution of the differential equation dy/dx == f(x,y) satis- 
fying the initial conditions z = zı, y = y, then 


(2) Yn (es By) = exp{ f Fale, YCE, tas 0) Jde}, 


provided that the arc of the curve y = y (z, 21,7) bounded by the points of 
abscissae 2, and gz» is contained in G. 

In the more general case of an equation like (1), where neither of the 
inequalities X(x, y) #0 and F(z, y) 0 holds throughout the domain under 
consideration, we cannot make use of this formula. However, the following 
proposition can then be applied: 


> 


THEOREM 1. We assume that in a domain G the functions X (a, y) and 
Y (a, y) do not vanish simultaneously and have continuous first-order partial 
derivatives. Let (£,, Yı) and (z£, Yo) be any two points connected by an arc 
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L of an integral curve x = s(t), y = y(t) of (1) contained in G, the para- 
meter t satisfying | 
(3) | de/X (x,y) = dy/Y (x, y) = dt 


and s(t) =a, y(t) =y; (1—1,28). Finally, let J; be the orthogonal 
trajectory of (1) passing through the point (x: yı), and let u; be the para- 
meter on J; satisfying 


(4) —da/¥ (z, y) = dy/X (a, y) = dui/{[X (2, y) ]? + LY (a, y) I°} 
and vanishing at the point (za Y); t= 1,2. 


Then, if we consider us as a function of u, defined by the condition that 
the values of u, and u, corresponding to each other should belong to points 
connected together by integral curves of (1), we have, for w = 0, 


G)  du/du—exp( f AGE), y(t) + YÀ, y(t)) 14). 


Proof. can be divided into a finite number of arcs, on each of which 
either £ (v, y) or Y (x,y) is constantly different from zero, and it follows 
from the shape of (5) that it suffices to prove this formula for any of these 
arcs; for obvious reasons of symmetry, we can assume that, on the arc under 
consideration, X (x, y) 54 0. 

Let yı (u) and y(u) be the ordinates of the intersections of the lines 
z= 2, and g = z, in that order, with the integral curve of (1) passing 
through the point of J, which corresponds to the given value of u. By 
considering the curvilinear triangle formed by the aforesaid integral curve, 
by J, and by the line x = s, and by making this triangle tend to a point, 
we find, for u, == 0, dyi/du, = 1/X (21,41). Similarly, duo/dn, = X (22, Y2). 
Hence du,/du, = X (£2, Y2)/X (41, Y1) ` dn2/dm. Substituting here, for dn2/dm, 
the value given by (2) when f(x, y) = Y (a, y)/X (a, y), we find 


dit, _ X (22, Y2) ai f” FA A X(t Yo) 
du, X(x, yı) De xe X(t Y1) 


t YX — X,Y 
pen hr 
a f = ) 


i 





dz} = exp {log 


which, after simplification, gives (5). 


The interpretation of this formula in terms of two-dimensional flow is 
obvious, and (5) could also be obtained from the formula describing the 
variation of area in such a flow, but a rigorous proof on these lines seems 
to be longer than the preceding argument. 
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COROLLARY 2. On the assumptions of Theorem 1, if, on T, and J», 
we introduce, instead of u, and Us, parameters v, and v, satisfying 


(6) — dx/¥ (x, y) = dy/X (x, y) = dvi 
and vanishing at the point (x yi) (i = 1,2), we find, for v; = 0, 


(7) dv2/dv, = [B (£1, Y1) /E (22, Y2) |? expt f e -+ Y,) dt}, 


where [ R(x, y)|? = [X (z, y)]? + [Fc y)]*. Similarly, on the same assump- 
tions, if we introduce, on Ja, a parameter o; representing the length of the 
arc measured from the point (x, yi) in the direction of the increasing urs 
(1 = 1,2), we find, for o = 0, 


(GB) dos/doy (Ra ys) /R (a, Ys) } exp { | (Xo + Py) dt} 


II. Miscellaneous applications of Theorem 1. In this section we pro- 
pose to show how various propositions, which were obtained by means of 
apparently more complicated methods, can be represented as immediate, or 
almost immediate, consequences of Theorem 1. 

We recall that a closed integral curve C of (1), which does not pass 
through singular points, is called a limit cycle if it is a limit set of integral 
curves passing through a certain neighborhood of ©. The limit cycle C is 
called stable if it is the limit set, for t —> +œ, of every integral curve passing 
through a certain neighborhod of C. It is called unstable if the same occurs 
for ¢—>—-o instead of {—> +œ. Finally, a limit cycle is called semi-stable 
if the neighboring integral curves cituated on one side of it tend to it with 
t —> +œ, and those situated on the other side tend to it with t>—o. We 
have the following: 


Provosirion 3. A limit-cycle C of (8) is stable if 


(9) $, (Ket rat <0, 

and unstable if 

(10) $ (Xa+ F,)dt > 0. 
C 


Proof. Through an arbitrary point P of C, let us draw an orthogonal 
trajectory J of (1), on which the parameter u is defined by (4) (u being 
substituted, for u;) and vanishes at P. Here, the formerly considered curves 
J, and J» coincide, and w will now denote the value of the parameter u 


VECTOR FIELDS AND DIFFERENTIAL EQUATIONS. 223 
[a 


belonging to the first point, say Qs, of J met again after having started, 
from the point Q, of J, defined by u == u, along an integral curve of (3) 
in the direction of the increasing ?’s. 


According to Theorem 1, we have, for u, == 0, 


du2/du == exp{ d, (Xe + Y,) dt}, 


which shows that, at this point, (9) implies du,/du, < 1. Therefore, if (9) 
holds and u, is sufficiently small, | uz | < | w | 4. e, if Q, is sufficiently near 
to P, Qə falls between P and Q. From this, by a well-known type of argument 
[4], [5], [18], it follows that C is the limit set, for t —> + co, of the integral 
curve of (1) through Q.. In other terms, (9) implies that C is stable. 
Similarly, the instability of C follows from (10). 

The usual proof of this theorem is based on the theory of variational 
equations (e.g., [2]). 


COROLLARY 4. On a semi-stable limit cycle C of (3), we have 


f, (X, + Y,)di =0. 


(Cf. [7], where no proof is given.) 
Hence, or directly from Proposition 3, we deduce the following: 


COROLLARY 5. A domain in which X, + X, has a constant sign cannot 
contain semi-stable limit cycles. (Cf. [7], where no proof is given.) 


As is well known ([4], p. 78), if such a domain is simply connected, 
it cannot contain any closed integral curves, but otherwise stable—or un- 
stable—limit cycles can occur. 


PROPOSITION 6. A domain in which Xs + F, identically vanishes can- 
not contain limit cycles. 


Proof. If we revert to the notations of the proof of Theorem 1, we find 
that du/du; = 1. Indeed, since corresponding points on J, and J, are 
connected by integral curves of (1), a relationship of the type of (5) applies 
not merely when u, = 0, but whenever u, is sufficiently near to 0. Hence 
Uz == u identically, as us == 0 when u, == 0. Now, if we assume the existence 
of a closed integral curve and make J, coincide with J,, as in the proof of 
Proposition 3, this shows that all the neighboring integral curves are also 
closed. 
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This proposition is usually proved by an argument based on the invariance 
of areas under the group of the given differential equation (e.g., [5], pp. 
92-93). | 

By a first integral of (1) valid in a set D of the (x, y)-plane, we 
understand a function, say J (z, y), satisfying the following conditions: 
(i) J(#,y) has continuous first-order partial derivatives throughout D; 
(ii) J,(x, y) and J,(z, y) do not vanish simultaneously in D except, possibly, 
at singular points of (1); (iii) /(a,y) is constant along any are of an 
integral curve of (1) contained in D. 

The following theorem concerning first integrals and proved by H. H. 
Alden [1] can be obtained as an almost direct conseqquence of Corollary 2. 


THEOREM Ÿ. Let the origin be a centre (in the sense of Poincaré): 
of (1) and let D be a domain bounded by a closed integral curve and swept 
by closed integral curves of (1) surrounding the origin. Then if, throughout 
D, X and Y have continuous first order partial derivatives and do not vanish 
simultaneously, except at the origin, there exists a first integral of (1) valid 
in D. 


Proof. Let J(#,y) be the area bounded by the integral curve, say C, 
of (1) passing through the point (x, y). If we make J(0,0) =—0, J is 
evidently continuous throughout D and satisfies (111). The coordinates of 
the running point on C being é and », let == $(¢), n = y(t) be the solution 
of (3) satisfying (0) =x, #(0) =y, and let w be the smallest positive 
value of ¢ for which (t) = zx, y(t) =y. Finally, let o, and ez be the lengths, 
counted as in Corollary 2, of the arcs on the integral curves of (4) passing 
through the points (x, y) and (é,7) respectively. It is easy to see that the 
partial derivative of J in the direction of the vector (— Y, 4) is equal to 


€ $ dao/do, ds, s being the length of the arc of C and e= + 1, namely 
c 


e= -+ 1 if the vector (— Y, X) points to the outside of C and e= — i 
if it points to the inside. According to (8), this becomes equal to 
R(w,y),#(a,y), where | 


(11) ey) =e [ex f TO), WO) + FC) ¥O))]dr) at 


The expression obtained for the aforesaid partial derivative being continuous, 


* We recall that, according to Poincaré [13], a singular point of (1) is called a 
centre if, at this point, D(X, Y)/D(#,y) 0, and if all the integral curves passing 
through a certain neighborhood of this point are closed (Since Bendixson [4] this 
term has also been used in a much wider sense). 
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and the partial derivative of J(#,y) in the direction of the vector (4, Y) 
identically vanishing, we find 


(12) Jale, y) =—YV(a,y)- 22,9); Jule, y) = A, y) e(z, y). 


In (11), » is a continuous function of æ and y, which is bounded in the 
neighborhood of the origin, since the absolute value of 


d/dt tan y/x = (yX — xY)/(x° + y?) 
= {y[X,(0, 0) + X,(0, 0)y] — #[ (0, 0)e + Y,(0, 0)y]}/(@* +y) 


has a positive lower bound in the neighborhood of the origin, the quadratic 
form in the numerator of the last expression being necessarily definite in the 
case of a centre [10], [13]. Hence z(x,y) is bounded in the neighborhood 
of the origin and therefore J,(«, y) and J,(#, y) both tend to zero as x, y > 0. 
On the other hand, according to (11) and (12), | Jale, y)| + | Jy(z, y)| > 0 
whenever | |+ |y | >0. Thus J (z, y) is a first integral of (1) valid in D. 


III. The existence of closed integral curves. As mentioned before, it 
is well known that if X (x, y) and Y (x, y) have continuous partial derivatives 
of the first order in a simply connected domain D, and if throughout D the 
divergence 8(z, y) = X(x, y) + Y,,(x, y) has a constant sign, the differential 
equation (1) admits of no closed integral curve? contained in D. 

Incidentally, this theorem, which was first stated by I. Bendixson in the 
form of a somewhat casual remark ([4], p. 78), seems now to be generally 
known owing to H. Dulac [7], who also made the rather obvious generalization 
of allowing X (x, u) and Y (x, y) to be multiplied by a variable factor z (æ, y). 

We shall prove a theorem which can be regarded as partly reciprocal 
to Bendixson’s theorem, and which shows that, in conjunction with a suitable 
factor z(x, y), this criterion can give information about the existence of closed 
integral curves when it is most likely to be required. 

Let us first examine the cases when the question of the existence of closed 
integral curves can be answered without deliberation. It is well known that 
the Kronecker index of a closed integral curve of (1) with respect to the 
vector (X,Y) is + 1; cf. [9], [15], [16]. Hence the sum of the indices 
of the singular points in the interior region of a closed integral curve also 
amounts to + 1, and therefore a simply connected domain containing no 
singular points with positive indices cannot contain closed integral curves. 


? We recall, that according to the generally accepted convention, integral curves are 
considered to terminate at singular points. Exceptionally, however, we shall regard as 
a closed integral curve also the sum of a finite number of integral curves (in the pre- 
ceding sense) if it forms a simple closed curve. 


15 
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On the other hand, singular points of index greater than 1, and singular 
points of index 1, but of a topological type other than that of a centre, or of 
a nodal, or spiral point admit elliptic sectors in the sense of Brouwer [6], so 
that in their presence the problem of the existence of closed integral curves 
is solved in advance. 

Apart from the case of a centre, in which this question is again auto- 
matically answered, the singular point must then be of the topological type 
common to nodal and spiral points, and characterized by the property that 
every integral curve passing through a certain domain U, containing the 
singular point, leads to this point in one, but always one, and always the 
same, of the two directions determined by the increasing, and by the decreasing 
Ps. If, at the singular point, D(X, Y)/D (z, y) 40, either all the integral 
curves reach it with definite tangents (and the point is then called nodal), 
or they do so winding themselves about it infinitely many times (and the 
point is then called a spiral point). In both cases, 


(12a) D(X, ¥)/D(z,y) > 0, 


since I == + 1, and the singular point is reached only with too [10], [13]. 

The largest possible domain U, t.e. the locus of all the integral curves 
terminating at the singular point under consideration, will be called the 
domain of influence of the given singular point. The components of the 
boundary of this domain are clearly closed integral curves of (1), possibly 
passing through other singular points, or through the point at infinity, or 
even reduced to one of these points, which must in any case be excluded from 
U. Thus the domain of influence can also be described as the largest domain 
containing the given singular point, but containing neither parts of closed 
integral curves of (1), nor other singular points, or points at infinity. With 
a few additional, but not very restrictive assumptions listed below, we can now 
state the following theorem: 


THEOREM 8. Let the functions X (x,y) and Y(x,y) have continuous 
first and second order partial derivatives throughout the (2, y)-plane, and 
let Equation (1) have a spiral, or nodal, point with a simply connected 
domain of influence, which will be denoted by D. If at this singular point 
d(@, y) = X; + Yy 40, and if F(x,y) is a function not vanishing at the 
singular point and admitting continuous first order partial derivatives through- 
out D, but otherwise arbitrarily gwen, there exists a function z(x,y) defined 
throughout D with continuous first order partial derwatives and identically 
satisfying the condition 


(13) [(x, y): Xe, y)]a + iele, y): Ce 9)]y = F(a, y). 
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Moreover, if X(a,y), Y (x,y) and F(a, y) are analytic in D, z(x,y) 18 also 
analytic in D; on the other hand, if F(x, y) has a constant sign in D, z(x,y) 
also has a constant sign in D. 


` Proof. Obviously, we can assume that the singular point under con- 
sideration is at the origin of the coordinates. Without impairing the generality 
of our argument, we can also assume that 


(14) 8(0,0) < 0. 
Equation (18) can be rewritten in the following form, 
(15) X (2, 9)20 + Y(T, y)2y = F(a, y) — 8(x, y) ` z, 


which shows that this is a first order linear partial differential equation in z, 
whose characteristics are given by the equations 


(16) da/X (x, y) = dy/Y (a, y) = dz/{F(a, y) — z: 82, y)}. 


The projections of these characteristics on the (x, y)-plane are clearly 
the integral curves of (1). If c= x(t), y = y(t) is a solution of (3), the 
unknown function z, considered along the corresponding integral curve, as a 
function of ¢ [where ¢ is determined by (3) ], satisfies the ordinary linear 
differential equation 


da/dt + [æ (t), y(t)]-2—= FIle (t), y(t)). 


Because of (14), the point x(t), y(t) tends to the origin as t— + œ 
[10], [13]. Hence our solution of this equation must remain finite for 
t—>-+-o. But it is easy to see that there is only one such solution; it can 
be expressed by the formula 


+00 T | 
AN ale), A] =— S PT), (Dept f 120), vor)ldryar 
and we find that 
(18) lim 2[(#), y(#)] — F(0, 0)/8(0, 0). 
t>+ 00 

On the other hand, it is fairly obvious that, in our case, there exists a 
family of homothetic ellipses centred at the origin and, in a certain neighbor- 
hood of the latter, nowhere tangent to the vector (X,Y). It is clearly 
sufficient to prove it for the linearized vector field (Xo, Yo) defined by 
Xo = As + By, Ya = Cr + Dy, where 

A = X,(0, 0), B= X,(0, 0), Č = Ya(0, 0), D = Y,(0, 0), 


and this can best be done as follows: 
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In view of À + D = (0,0) ~0, we can assume AD > 0, for, if this 
inequality did not hold, we could, by a rotation of the axes of co-ordinates 
(which leaves A + D invariant), make 4 =D and hence AD > 0. Now the 
equation of the family of ellipses can be written as ua? + by? = c, where c 
is the parameter of the family. The condition that the ellipses should never 
be tangent to the vector (Xo, Yo) is that the quadratic form a(Az + By)a 
+ b(Cx + Dy)y should be definite; verifying that this can be obtained with 
positive values of a and b is a matter of simple algebra and is based on the 
inequality AD(AD— BC) > 0. | 

Any of the aforenamed ellipses, if sufficiently small, is intersected exactly 
once by every integral curve of (1) passing through a certain neighborhood 
of the origin. Having arbitrarily chosen one of these ellipses and denoting by 
w the parameter of a point thereon, let us, further, denote by [a(t, w), y(t, w)] 
the solution of (3) determined by the condition that [x(0, w), y(0, w)] should 
be the point of the ellipse corresponding to the given w. We have clearly 


(19) D(a, y)/D(t, w) #0 


throughout D, with the obvious exception of the origin. Then (17), with 
the substitution of e(t, w) and y(t,w) for c(t) and y(t), defines z(a, y) 
throughout D, and, since the relevant integrals are uniformly convergent, 
this is a function which has continuous first order partial derivatives in x 
and y and satisfies (15); further, the shape of (17) shows that if F(z, y) 
has a constant sign in D, z(x,y) also has a constant sign. 

The only point of D where this argument does not apply, and indeed 
where z(x,y) has not yet been defined, is the origin. Owing to (18), if we 
make 2(0,0) = F(0,0)/8(0,0), z(x,y) becomes continuous at the origin, 
at least when the origin is approached along an integral curve of (1). 

Now we shall see that if X(z,y), Y(a,y) and F(a,y) are analytic 
throughout D, z(x,y) is also analytic throughout D. The point z == y == 0, 
z= F(0,0)/8(0,0) is a singular point of (16), at which the Jacobian of 
the denominators equals — 8(0, 0) D(X, Y)/D(z, y) «0. 

Poinearé’s equation in § [14] becomes 


X y —$ Ay 0 
Y, Y,— 8 0 == (. 
Fr— 1203 F,—2, —5—S$ 


It has one positive root, S —— è(0, 0), and two other roots which are both 
negative jn the case of a nodal point of (1) and imaginary conjugate with a 
negative real part in the case of a spiral point of (1). In both cases [14, 
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p. 170 and p. 175 in the Oeuvres], there exists exactly one solution of (15) 
passing through the singular point of (16), and this solution is analytic. 
It clearly must coincide with 2(x, y), as defined by (17) ; therefore z(a, y) is 
analytic throughout D. 


IV. The non-analytic case. In the non-analytic case, no indication 
about the behavior of z,(x, y) and z(x,y) at the origin can be derived from 
the literature concerning singular points of systems of differential equations 
(e.g, [9], [11], [12]); a study ad hoc is, however, possible owing to 
Theorem 1. 


We first reduce the general case to that when 
(20) 6(0, 0) = F(0, 0) ; 82(0, 0) = Fx(0, 0) ; 8,(0, 0) = F,(0, 0). 


It is easily verfiable that, in view of (12a), this can be achieved by sub- 
stituting, in (15), (Ke + Ly + M) - X(x, y) and (Ke + Ly + M):Y¥ (x,y) 
respectively for X and Y, the constants K, L, M being determined by 
a set of three linear equations. Then the originally required factor is 
(Ka + Ly + M)-2(2,y). The continuity of z(x,y) and z,(#,y) at the 
origin will now follow from the relations | 


lim zs(z, y) =0,  limz,(x, y) —0; (x,y) — (0,0). 


which, in turn, are equivalent to the statement that the partial derivatives of 
2(x, y) in the directions of the two mutually orthogonal vectors (X, Y) and 
(— Y, X) tend to zero as the point (x, y) tends to the origin. 

_ On the other hand, the expression given for z(z,y) by (17) is linear 
in F(x,y) and is constantly equal to 1 if F(a, y) =38(2,y); hence 


(21) ei f OET), 9(7)] exp { fala), yt) d)an, 


where G(x, y) =F (a, y) —8(2, y). 
Thus 


da dt = Gali), y(t] + Lee), x) f Ele), vO] 
X exp { j É [æ(r), y(r)ldr}aT. 


As it was pointed out, the neighborhood of a nodal, or spiral, point can 
be covered by a family of homothetic ellipses without contact with the integral 
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curves. Hence there exists a positive number « such that, on any integral 
curve of (1) in a neighborhood of the origin, 


[e(T)]? + [y(T)] < a{[w(t)]? + [y(¢) ]2}. whenever tS T. 


Owing to (14) and (20), there exist numbers 8, 8,, and & such that, in a 
neighborhood of the origin 


(22) | G@y)_ <8 (+); (23)  & 8(a,y) <8 < 0. 


Hence, in a sufficient small neighborhood of the origin, 


(28a) | de/dt| < {Le(8)1*+ WOHE — ates, f oar) 
| — B[1 + 0781/82] {[e(t) ]? + [y(#)]?}. 


The partial derivative of z along the vector (X, Y) equals R*dz/dt and 
since, in the neighborhood of the origin, 


(24) LR (x, y) ]? 2 À (2° + y’), 


where the constant À is positive, it follows from (23a) that the partial 
derivative of z along the vector (X, Y) tends to zero as (x, y) — (0,0). 

In order to obtain an evaluation of the partial derivative of z along the 
vector (— Y, X), we assume that a point (Zo, yo) of D, sufficiently near to 
the origin, is given. Through this point, we trace a solution, 


(25) s= E(t), y = q (u1), 


of (4), the parameter u, vanishing at the point (£o, Yo). The solution of 
(3) satisfying (25) for { — 0 can be written as 


(26) z= g(t, n), y= y(t, u). 


Accordingly, we rewrite (21) as follows: 
(27) z[ E(u), nlu) | >" 1— f Glace, U1), y(t, ux) ] 
x exp {f ‘8L2(0, u), (0, wi) |d0} dé. 


In order to facilitate the differentiation of this expression with respect 
to u, we will change the variable of integration in the following manner: If 
u, is sufficiently near to zero, every point of (26) corresponding to a positive 
t is connected by an integral curve of (4) with a point x = 2(T, 0), y = y(T, 0) 
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of the curve (26) corresponding to wu, == 0, so that ¢ can be regarded as a 
function, say x(T,u:) of T and u, Let 


p(T, uw) = alx(T, t), wi], Y(T, di) = y[x(T, w), w]. 


Noting that, for a constant T, & == ġ (T, uw), y==W(T,u:) are parametric 
equations of an integral curve of (4), we can introduce on it, for a while, 
a parameter us satisfying (4). Then, applying Formula (5), we find, for 
Ur = 0, 


86/00, — F (2, y)/[B(2,9)]? exp{ f° 8[4(+, 0), Yle 0) Jdr), 


oY /bu, = À (z, y)/LE (z, y) iS expt f lC 0), w(t, 0) |dr}, 
where x = ẹ (T, 0), y = ¥(T, 0), and therefore, owing to (24), 
(28) [bu (T, 0), | va (T, 0) | <a*{[o(7, 0)]* + [y(T, 0)1°} 4. 


With the new variable of integration, (27) becomes 


(29) z[£(u4), (us)] = 1— f GL CL, u), Ws wu) 
X exp{I[x(P, u), u] }Xp(T; wat, 


i 
where I(t, u) = f Ô[æ(0, u), y (0, ur) ]d8, and consequently 
0 


(30) I(T, an), u] = f'alé(8 u), ¥(0, 1) ]x, (6, 4) do. 
Of course, 
(31) XP, 0) =o l; 


but in order to differentiate (29) and (30), we need an explicit expression 
for x,. It can be obtained from (7), where we have to substitute — F and X 
tor X and Y respectively. Denoting by v a parameter satisfying (6), we find 


{EL (T, 0), X(T, 0) 1} 
CE wh de S ee Fol) 
where in X, and Y,, the values of æ and y as functions of v should be sub- 
stituted, and where v, and v denote the values of v at the intersections 
with the curves x= (7,0), y= y (7,0) and a= @(T,u:), y == (T, uw) 
respectively. 

If, in the neighborhood under consideration, | X.|, | Xy|, | Fol; |Yy|<o, 
the partial derivative, with respect to u, of the first factor in (32) is, owing 
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to (28), less than 8wAr-*{[ (7, 0)]? + [¥(7,0)]?}“* in absolute value for 
u == 0. As to the integral in the second factor, by relating v to a parameter 
u satisfying (4), and by applying (5), we obtain 


es (v —v)/u = {R[E(T, 0), (TP, 0) ]}° 
1? y 
x exp{ |” 816(@, 0), ¥(@, 0) 140}, 
and therefore, for u, = 0, 


G J — we {RL ¢(T, 0), yCT, 0)]}? 


T 
x exp{ f 8[4(@, 0), ¥(0, 0) 148, 


which is less than 2wA-*{[. (7, 0)]? + [y(T, 0)]7}- in absolute value. Both 
factors in (32) becoming equal to 1 when u, = 0, we conclude that 


(33) | Xorg, (Ts 9) | < LOwr*{Tp(Z, 0)]? + CT, 0)]*}*. 


It follows from our assumption that there exists a number p such that, 
in the neighborhood under consideration, | G(x, y)!, | G(s, y)| < p(w? + y*)4, 
Then, according to (28), 


(34) | OCT, a), y(T;, ui) | /du, | < Rp/À. 
Similarly, if | St, y)|, | (x, y)| < o, we have, for u, = 0, 
(85) | #[¢(T, u), (T, 1) 1/8 | < 20{[¢(T, 0) ]* + [y (2, 0) ]?}4/. 


If we differentiate (80), with respect to u, and take into account (23), 
(31), (33), and (35), we find, for w = 0, 


| Ol [x (T, Uy), Us| /Om | 
P 
< 2e/à f {[9(0,0)]* + [y(@, 0)1r}ide 
+ 100 1è | f {6 (6, 0)? + [y(@, 0)J}de. 


On the other hand, from the properties of the previously introduced constant 
æ it follows that, for OS OST, 


[$ (0, 0) ]* + [y (8, 0) ]? = a*{[p(F, 0) ]* + Ly(7Z, 0) ]*}. 
- Hence there exists a constant v satisfying, for u, = 0, 


(86) | @I[x(T, ur), ws ]/dus | < vT: {[(T, 0) 1? + Ly (T, 0) FF. 
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Now, if we differentiate (29) with respect to u,, noting that the relevant 
integrals are uniformly convergent and taking into account (22), (23), (81), 
(33), (84), and (36), we find that | dz[é(u), n(u:) ]/@u | is less than 


fi (2pA + 1008) /A? + BrT ]eèTdT — (SpA + 1008) / (| 82 | À?) + 8/82, 


hence bounded in the neighborhood of the origin, and since, when multiplied 
by 2(2o, Yo), it gives the partial derivative of z (v, y) in the direction of the 
vector (— Y, X), the latter derivative tends to zero as (x, y) — (0,0). 

Thus both partial derivatives of z (æ, y), which are continuous in D out- 
side the origin, tend to 0 as s, y—> 0. In view of the fact that z(x,y} is 
continuous at the origin when approached along integral curves of (1), now 
it is easy to see that this function is continuous with continuous partial 
derivatives throughout D. Hence the proof of Theorem 8 is complete. 


BOULTON PAUL AIRCRAFT LIMITED, 
WOLVERHAMPTON, ENGLAND. 
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ON THE HOMOTOPY TYPE OF AN 4,3-POLYHEDRON (n = 3) 


By KENICHI SHIRAIWA. 


1. Introduction. It is an important topological problem to determine 
the homotopy type of a space by means of its algebraically computable invar- 
iants. Only certain special cases have been solved. 


In 1949, J. H. C. Whitehead [8] proved that two simply-connected 
4-demensional polyhedra are of the same homotopy type if and only if their 
cohomology systems are properly isomorphic. He then introduced a special 
type of a polyhedron, a generalization of a simply connected 4-dimensional 
polyhedron named an A,?-complex which is (n —1)-connected and at most 
(n + 2)-dimensional. He proved an analogous result in [4]. A related 
result is the proof of S. C. Chang [6] that any A,*-complex (n = 3) has the 
same homotopy type as a union of the elementary polyhedra (See section 4 
below) with a single point in common. 


This raises the problem of the homotopy type of an A,°-polyhedron, 
which is (n—1)-connected and at most (n +- 3)-dimensional. May an 
analogous result be obtained? H. Uehara has established [10] the relevant 
fact that, roughly speaking, the homotopy type of an A,°-complex (n > 3) 
with vanishing (n + 1)-homotopy group is completely determined by means 
of its cohomology groups and Sq? of Steenrod [8]. 

The main purpose of this paper is to determine, in general, the homotopy 
type of an 4,%-complex (n = 3) by means of certain cohomology operations. 
These operation are Steenrod square, Sq’, Adem’s operation [9], and its 
modification introduced by N. Shimada-H. Uehara [11]. Our method and 
the theorem obtained here are quite analogous to those of J. H. O. Whitehead 
[3], [4]. The author is deeply grateful to Messrs. N. Simada and H. Uehara 
for their kind criticisms and encouragement. 


Throughout this paper, we assume n = 3. 
2. A,?-cohomology systems. First we shall consider the case n > 3. 
Let H" (r= 0,1,2,-- -) be finitely generated abelian groups which eatisfy 


the following conditions. 


* Received May 8, 1953. 
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i) H* =0 for all values of r£ 0, n n+ 1, n +R, n +35. 
ii) H° is a free cyclic group. 
li) H” is a free abelian group. 


We now introduce another group, using the notation that if A is any 
additive group, then mA is the subgroup of all elements ae A such that 
ma==0, and A» is the residue group A4—Am (m>0). We define 
nm) (m = 2,4), to be the image of ,H'* in an isomorphism, 4*,, 
and define H™(m) as Hr(m) = H% + A*m(mH™). We do not here regard 
A*m as uniquely determined by the system, but we do postulate a uniquely 
determined homomorhpism A,,: Hr(m) — H™! such that A,,(0) = H7, and 
AmA*» = 1. We also postulate um,o: H" > H"(m) as the natural map onto 
the summand H’,, C H'(m). We next define po4: HT(4) > H'(2) as follows: 
u24 | H'a is the natural map onto the summand H*, C H7(2) and 
po, | A*,(,H"**) is defined by the formula 


zalt) = A", (2A, (x) ) for ce A”, (H). 
We also define pa: H” (2) = H”, — H”, = H™ (4) by 
pao (% mod 2H) == 2x mod 4H"? for «eH, 
Finally, we postulate y,: H" (R) -> H"? (2), (r =n, n + 1), and 
Da: Na = (yapaa) (0) > H* (2) /ynn H" (2) = M, 
a: Na = y (0) N (ynna) (0) O N —> 2H (4) /pa, oye (2) = Me 


where N is the subgroup of H”(2) consisting of all elements v such that 
Av = 0. They may be arbitrary homomorphisms. By an A,3-cohomology 
system H (n > 8) we shall mean a set of groups H" (r == 0,1,: : -) H" (2) 
(r =n, n -+ 1, n -+ 2,n +3) H (4) (r= n,n + 3) together with homomor- 
phisms Am, pmo (M == 2, 4), yr (1 =n, n -+ 1), & (t= 1,2) of the kind just 
described. ; 

Let H, Ht be two A,%-cohomology systems (n > 3). By a (A, »)-homo- 
morphism f: H —> Ht, we mean a map such that f | H", f| Hr(m) are 
homomorphisms into the corresponding groups Hit, Hit(m) and fA, = Anf, 
fum.o = Hm, of Where Am, n,o Mean the same in Ht as in H. Iff isa (A, ,)- 
homomorphism and fy, = yrf, then f(N1) C Nit, f(N2) C Ni and f induces 
the homomorphisms M, into M,7 and M, into M.t. Therefore, when f com- 
mutes with y,,-[®i, f have the same meaning. By a proper homomorphism 
f:H— Ht, we mean a (A,u)-homomorphism f: H > Ht which commutes 
with y. and also 4. 
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We have defined an A,°-cohomology system when n> 8 We shall 
modify these definitions in case n — 3. This happens because in an À.ÿ- 
complex its cohomology ring has a non-trivial multiplication. 

Let R be a ring which satisfies the following conditions (Cf. J. H. C. 
Whitehead [3]): 

i) R= H (m), (r = 0,1, - +) (m = 0,2,3, + -). 

ii) All Hr(m) are finitely generated abelian groups which form a 

spectrum of cohomology groups in the sense of J. H. C. Whitehead 
[2] with homomorphisms Ag: H" (q) — H", ppa: Rr(qg)— A’ (p). 
ii) H*(m) —0 if r 0,3, 4, 5, 6. 
iv) HP” is a free cyclic group whose generator is a unit element of R. 
v) In À the multiplication satisfies the following conditions: 
a) ifæe H*(m), y e Hm), then cy e HP*4m) and cy = (— 1)4yz, 


b) Hane (©) pms (Y) re [m(m, T, s)/(m, r) (m, s) Jam, (Ty) where 
xe Hr(r), ye H%(s), c= (r,s), m > 0. 


If, in the definition of an A,°-cohomology system (n > 3), we replace the 
groups H", H'(m) by R and homomorphisms Am, pin (m == 2,4) by A, 
Hp, then we get a definition of an A,°-cohomology system. By a (A, p)- 
homomorphism between two A;°-cohomology systems, we shall mean a ring 
homomorphism of one cohomology system into the other which commutes 
with A, and upg A proper homomorphism is the same as n > 3. The groups 
in an A,®-cohomology system, H, will often be defined in terms of cochain 
groups CT (r= 0,1,:: -, 0" ==0 if r>n+8). These are free abelian 
groups of finite rank, which are related by a coboundary operator 8: CT > C'™, 
such that 88 —0. By the usual procedure, the r-dimensional cohomology 
groups Ht(m) with integers reduced mod m can be defined. For integers 
p > 0, ¢ = 0 two operators Ag, upg are defined such that Ag: H" (q) — Hr*, 
Lpa: H"(q) > H" (p). Let ce Hr(q) and let v'es. That is to say, +’ is a 
cocycle mod q. Then 2’ = qy’, where y’ is an (r + 1)-absolute cocycle. We 
define Az = y, a cohomology class containing y. Let c== (p,q), then 
(p/c)a’ is a cocycle mod p, and we define up x as its cohomology class mod yp. 
It is easily verified that A,x and ype depend only on æe H*(q) and not on 
the particular choice of v'es. (See J. H. C. Whitehead [3]). 

Let H, Hit be A,°-cohomology systems, which are defined in terms of 
cochain groups C = {Cr}, Ci = {Ci}. A cochain map g: C-—> Ct, obviously 
induces a (A, “)-homomorphism f: H —> Hi. We shall say that f is realized 
by g. Then 
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Lemma 1. (Whitehead [3], [4]) Any (A,p»)-homomorphism can be 
realized by a cochain map. ‘ 


3. The main theorem. Let K be an A,?-complex, so that the co- 
homology groups of K or the cohomology ring of K (in the sense of J. H. C. 
Whitehead) and homomorphisms defined below form an A,°-cohomology 
system. Among the homomorphisms, A, and w,, are the same as defined in 
the last part of section 2, and y, is the Steenrod square, Sq?: H"(2) — H"*(2) 
(r=n,n + 1). Next we define ®; as follows. 

Let ce Ny = (Sgp) (0) and a’ ex. Then Sq? (paa) = dv (mod?) 
and let si = 4(2’ J x — x) and dat = g U xz’ (mod 2) and Sq*8qta = ôg rt 


(mod 2), where eat = di U at + at a ut. SKT == 83°v (mod 2), where 
320 — v LJ v + v LU dv. re acGied in [9] a cochain map 
n-i % 
Ey? Ca(K#) — Crt (K) 


and proved the formula Esn- (£) == SEPIE + SEI (mod 2). From 
these facts we have the operation 


P(x) = Esna (2) + 370 + 33a mod Sq?H™* (2). 
And similarly if we (Sqg?)7(0) 
a(t) = Esna (T) + 23? + Ar mod pa, 99g H" (2). 
If Sq°Ast ~ 0 (mod 2), then it is easily verified that 
Da (2) C 2H (4) /na 29g H" (2). 


They are obviously homomorphisms and depend only on we N, (or Na). 
(For these homomorphisms, cf. [9], [11].) We now state the main theorem. 


THEOREM 1. Any A,°-cohomology system is properly isomorphic to the 
cohomology system of some A,°-complen. 


THEOREM 2. Two A,°-complezes are of the same homotopy type if and 
only if their cohomology systems are properly isomorphic. 


THEOREM 3. Let K, L be A,3-complexes, then any proper homomor- 
phism f*: H(L) — H(K) has a geometrical realization f: K — L. 


It is easily seen that Theorem 3 implies Theorem 2. (Cf. J. H. C. 
Whitehead [3].) Hence we shall prove Theorems 1 and 3. 
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4, mnse(K%*%). It is known (S. C. Chang [6]). that any A,’-complex 
(n = 3) has the same homotopy type as a union of elementary polyhedra 
with a single point in common. Here we shall write down the elementary 
polyhedra: 


Br ST (r=an+i,n+ 2). 


Bo) = 8” U et, where e**t is attached to 8” by a map f: de"** —> 67 
of degree o, a power of a prime. 


Bar) = 8” U e+", where e”*? is attached to 8"** by a map f : ĝem? — 57% 
of degree +, a power of a prime. 


B, = 8” U e**, where et? is attached to S” by an essential map of 
de"? onto 8”. 


B; (2?) == 8" U em? U ent? — B, U e*#l, where e”*! is attached to 8" C B, 
by a map f: de"*?-» Sr of degree 2?. 


Be (2%) == (S" y 8") U e%*2, where e”*? is attached to 87 V S™** by a 
map f:de"*?-» Sn y Sn#t of the form a+b, where a denotes an 
essential map of ĝe”? onto S” and b maps ĝe”+? onto S"** with degree 2%. 


Bz (22, 22) = (S" V S™*) U et? U et  B,(22) U et, where et is 
attached to S* C B,(22) by a map f: de" — S* of degree 2?. 


To obtain a reduced A,°-complex, we must compute ma, (K?) of an A,?- 
complex nt (Cf. [10], [11], [13], [14].). 
LEMMA 2. Let Z denote the group of integers. Then 
1) mnel O”) == Zo, mue (SM) = Ze, mue (82) = Z. 
ii) mme2(B:(o)) = 0 tf o is odd. 
Di) ane (Be(2)) == Zs, its generator E, is represented by a map 
covering e*t essentially and RE, is represented by an essential 
map f: 8? 8" C B,(2). 
iv) ana (Bo(2?)) =Z + Ze (if p>1) its generators & and mz; 
é, 1s represented by a map covering e” essentially, and m is 
represented by a map covering S” essentially. 
V) mno(Ba(r)) == 0 tf 7 ts odd. 
vi) tnso(Bg(2?)) =Z; tts generator & is represented by a map 
covering K" essentially. 


vii) Tno( Ba) =Z tts generator t, is represented by a map covering 
ent? with degree 2. 
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viii) an2(Bs(2")) =Z + Za, its generators ts, &, where Rés == 0. 1s 18 
represented by a map covering e"? with degree 2, and & ts 
represented by a map covering e”** essentially. - 

ix) ani2(Be(24)) =Z; its generator & is represented by a map 
covering S**! essentially. 

x) nao ( Bz (2, 21) ) = Za -+ Za its generators &1, é, where Eri 18 
the same as is used in ix) and és is the same as is used in iv). 


Lemma 8. If K is m-connected, m= 1, and L is n-connected, n = 1, 
then 
m(K V L)=m(K) +m(Ll) for i=mt+kn 
CV LY ae) Des. meal kh) on: 


where the isomorphism of the tensor product is defined by means of the 
Whitehead product. (This was pointed out by the referee.) 


One uses a theorem of G. W. Whitehead [15] and calculates 


m(K X L,K VL) by the Künneth Theorem and the Hurewicz Theorem 
to prove this. 


Let K”? be a reduced A,?-complex described as follows (in all the 
summations there exist finite terms). 


Kr = Set DS a D Si: + D Bos (2) 
+S Boi (2%) + D Baalo) + Dd Bae (2%) 
gi godd 


+ È Baali) + Baa + D Bsa (2) + E Be i(2%) 


y odd 


+ >) By (2P, Ra). 


From Lemmas 2 and 3, if n > 8, wn2(K"**) is a direct sum of the (n + 2)-nd 
homotopy groups of the elementary polyhedra of which *** consists. If 
n == 3, #5(K5) is the direct sum of the 5-th homotopy groups of the elemen- 
tary polyhedra and of the group W generated by the Whitehead product. 
For later uses, we shall write the generators of mn, (K+) as follows 

mne (Si) 3 Niis Tn+2 (Or) 3 Ši mnia (8*1) 3 ui 

Tn+2 (Bai(r) ) 3 Eais mnsa (Boi (2%) ) 3 Eni, 2,4 

Fn+2 (B3i( 2") ) 3 E345 Rne (Bi) 3 tai 

Ture (Bs, (2P) ) St, Ési Tne (Boi (2%) ) 3 És 

| Tn+2 (Bz 4 (2%, 21) ) 3 TERN Ernai 
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5. Reduced A,?-complex. In order to define a reduced A,*-complex, 
we first introduce the complex K, which has its (n + 2)-skeleton K"*? as 
described at the end of Section 4, and we shall transform K to a simpler 
type of an A,?-complex, which we shall call a reduced A,°-complex. For this 
transformation, we use the following Lemmas by J. H. C. Whitehead [5], [2]. 


Lemma 4. If two spaces P, Q are of the same homotopy type, and 
f:P—Q is a homotopy equivalence, and if a map a:de"**-—>P is gwen, 
then the attached spaces P U e"! and Q U et, are of the same homotopy 
type, where et is attached to P by a map a: ĝe" P and et, is attached 
to Q by a map f'a: ĝe > Q. 


Lemma 5. If X, Y are simply connected CR-spaces (a connected 
compactum which is an A.N.R.), then a map f: À — Y 1s a homotopy 


equivalence if each of the induced maps H™(X)—>H"(Y) (n =}, 3, -) 
is an tsomorphism onto. 


We shall fix K"*?, Let e"*5; (j == 1,2,: >+) be principal (n -+ 3)-cells 
of K. Then K is an attached space, i. e., e"**; are attached to K”** by maps 
fj: 0er; — K”. Hence f; determines an element of wa,2.{(K"*’). 

We shall define B: Cms (K) = rns (K, K”) — 7,,,. (K7%*?) by the above 
correspondence; then 8 is a homotopy boundary homomorphism. We shall 
now write K as {K"**, Be5,;}. Henceforth we assume n > 3. 


Let gert; = Darina + Datu + D aus 
+ D bts + D bios + Dhs: 
-+ D bht + D Dies H d a 
F E bérei + D mai + D mait D dEi 


where the a are integers, the b, c are integers mod 2 and the d are integers 
mod 4. Then we shall write {K"?, Be™*?;} by the matrix form 


(*) es, [a b c d]. 


Now we consider homotopy equivalences of K"*? onto K™**?. Using Lemma 4, 
we shall simplify the matrix (*). From Lemma 5 it is easily verified that 
all the following maps are homotopy equivalences of K"*? onto K7*?. 


I.1) §&***,, is divided into two hemispheres and the one is mapped 
onto S**?,, with degree 1 and the other is mapped onto S***,,; 
(134 4) with any degree, or onto 8"), (À = 1, 6,7) essentially, 
or onto 8***;,;(2%) essentially, or onto e”**, ;(2%) essentially, or 


16 


RAR 


I.2) 
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onto eth; (ÀA == 5,7) essentially. The remaining part of K?*? 
is mapped identically. 


S*?,, is divided into two hemispheres and the one is mapped 
onto S***,, with degree 1 and the other is mapped onto 8",,; 
essentially, or onto S7,,(82) essentially. The part of K"? 
excluding S”**, ; is mapped identically. 


I.3) An(n + 1)-cell or an (n + 1)-sphere belonging to K*** is divided 


I. 4) 


into two parts and the one is mapped onto itself with degree 1, 
and the other is mapped onto any n-sphere of K”? essentially. 
The cells of K”? excluding the (n + 1)-cell or the n-sphere are 
mapped onto themselves identically. 


B,i(2) is divided into two parts and the one is mapped onto 
B,,(%) with degree 1 and the other is mapped onto B,,(?) 
(1547) with degree 1. The cells of K”* excluding B,:(2) are 
mapped identically. (The reader should be referred to the 
following operations for detailed accounts.) 


Using Lemma 4 and Lemma 2, we shall translate the above homotopy 
equivalences to allowable operations in the matrix (*) which do not alter the 
homotopy type of K. That is to say, without change of the homotopy type 
of K and K”*?, we shall simplify the matrix which represents attaching maps 


of ent, 


The following operations are allowable 


TI. 1) 
TI. 2) 
IL. 3) 
II. 4) 
II. 5) 
II. 6) 
TI. 7) 


Any two rows or columns are exchangeable. 

Any column can be added to any other column. 

The elements of any column can have their signs changed. 
448 row can be added to u,/s row (1547). 

178 row is reduced mod 2 and is added to £s row. 

11,78 row is reduced mod 2 and is added to 7’s row. 


1,08 TOW is reduced mod 2 and is added to ¿”s row by considering 
the non-zero element mod? is the generator of the group of 
integers mod 4. 


4,78 row is reduced mod 2 and is added to s row by considering 
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that the non-zero element mod 2 is the element of order 2 of the 
group of integers mod 4. 


II.9) és row is added to s row. 
11.10) £s row is added to s row considering the non-zero element 
mod 2 is the element of order 2 of mod 4. 
II. 11) s row is reduced mod 2 and is added to 7’s row. 
II. 12) &2,’s row is added to £s row (17). 


II. 1)-II. 3) are trivial operations; II. 4) 5) 7) are based on I. 1); II. 6) 8) 
are based on I.2); II. 9)-II. 11) are based on I.3); and IT. 12) is based 
on I. 4). 


t 3 7 E tı bats é 7 E 
a | P ———— |E, * * * * 
€ j | & C TT, 12; 4) EE, $ b k %# 
li bats Ë 7 é tı bats E 7 of 
EF, * 0 0 0 F, * 0 0 0 0 
ee | x #« m| D.” me se o 
IE, 5, 6,7,8) |#2 * * "| 17,1, 2,3,12) |42 * * * # 0 
0 F 
0 0 
ty tats € 7 E ty tats € 4i of 
EF, * 0 0 0 0 Hi, * 0.0 0 0 
* 0 #H 0 * 0 # 0 
me 3 ares CS 
11,9) Z2 * * * 0 F| 131,2) © 0 F 
* 0 0 E, * 
G* 0 0 
0 * 0 0 
ly tats € 7 A ty tats É n A 
E, * 0 0 0 0 E, * 0 0 0 0 
5 * Qe. dQ y * 0 # 0 
II, 9) * # 0 F| II, 12) G * 0 F 
E, * E * 0 0 Hs 
Go 0 0 G O 0,0 
0 = 0 Q 0 * Q 0 


i 
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ty tats É n E u tit Ë 1] ¢ 
Hi, * 0 0 0 9 EF, * 0 0 0 0 
| > * 0 ZX 0 5 * 0 Æ 0 
IL, 9, 10) G 0 0 0 |IL1,2) 0: 0 0 
E, * 0 0 E E, 
G0 0 90 0 0 0 
0 # 9 © 0 * 0 B 
0 0 0 
lı bats É n £ by babs é 7 E 
EH, * 0 0 0 0 FE, * 0 0 0 0 
— > ee a = * 0 # 0 
IL, 1,2) G 0 0 0! %,1,2,3) G 0 0 0 
Be * 0 GO E E, * 0 G 0 E 
0 0 0 #, 0 00 F 
0 0 0 0 0 0 0 0 
by tats È y à 
BE, * 0 0 0 0 0 So 
* 0 Æ 0 0 
ms | Be: BGG «0.0: 0 : 
IT, 2) 0 G0 0 E So (#) 
0 0 0 2H 0 S3 
0 0 0 0 0 Sa 


where the diagonal elements of E, are odd integers and the other elements 
of E, are even; all the elements of F, and F, are even; the diagonal elements 
of F are 2 and the other elements of F are zero; the diagonal elements 
of G are 1 and the part of G lower and left to the diagonal consists of 0. 
We can now assume that any A,°-complex has the same homotopy type 
as the complex K with a matrix of the form (#). We call such a complex 
a reduced A,°-complex. By the cell of 1-th kind, we shall mean an (n + 3)- 
cell e*5; ( À sk < j E 2 Sx). In case n == 3, the argument about a;(K*) 


p 


of section shows that, if we neglect the direct summand group generated 
by the Whitehead product, the above discussion is still valid. 


6. Cohomology operations in a reduced A,°-complex. Let K be a 
reduced A,°-complex (7 > 3). Let 
Bers; == Satins + D ahta + D atisi 
(J = 1," "380 So + $1 + Se + 83 + 1t + +, So + 81 + 82 + ss + sa) 
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Bers; = Sah tye + Dat pgs + D atts + er ea 
+ > bE) i + > DB es + > bP 4 Es à + >, DE ci 
+ > Dhs: + > DOi Eo à -+ > EE ai 
(j = So + 1,° ` +, 8o + 9), where d**; = 0 or 1. 


Bet; = > atiri + > aitai + > a” tisi F > Chi 
HS him + Ed has 
(= S +5,+1,° : 58 + 5: + 82), 


where di; is even. 


Bers; = D ahia + D Ot pai + D atsa + D déa 
(J = So + 81 + s2- 1,° * +, So + $1 + 82 F 83), 
where di, is even. 
Then 


i) GS"? | En > ght ent, Sent? ; = > Ratt ents, dent? ; = > 2asrijents,, 


ii) Let f run over all the indices of the cells of the first kind. 
Sq SM, ; = > birt ents, Sage, ; (2?) = ÿ b'rtjents, 
Sas, (84) 2 > bSrijents, Set, ; = > Gers 
Sg Nro a D bte, So St, = D bohh ens, 
Safe"; ae >> batents, 
iii) Sa°e"*t, ;(2) Lu > dat ens 
In all the cases above, we think of 8, ,,- - - ,en#1,,(2) as cocycles mod 2, 
and e"**; as cocycles mod 2. 
From the matrix (#) of section 5, it is easily seen that the cocycles mod 2 


consisting of the cells of the first kind form a base of Sq*H*"(K, Z3). 
Thus, the cells of the 1-th kind (i = 2, 3,4) form a base of 


Hw (K, Z2)/Sq°H"™* (K, Zo) | 
Hence we can write 


iv) PS) = D chiens, &,(8%,,(2?)) == D chter, where 7 runs 
_over all the indices of the cells of the second kind. 
$ (8% (2P:) ) =< > crt ants 


Similarly, in 2H%##{(K,7,), the cells of the second kind form a base of 
jz, 20Q°H"* (K, Za). Then, the cells of the t-th kind (t = 2, 3,4) form a base 
of 2H"? (K, Z,) /j14259°H"™* (K, Z2). Hence 
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v) &2(8%24(2)) = X, 1/2d*+,e"*;, where 7 runs over all the indices of 
the cells of the second and the third kind. 


To prove il)-v), the usual method is applicable. That is to say, using” 
an appropriate mapping of K into M == 8" U e"*8, where e**? is attached 
to St by an essential map of ée"** onto 8", or using a map of K into 
D = §" U e*# where e™° is attached to S* by an essential map of de"** onto 
5”, ii)-v) can be proved. 

The above relations are still valid in case n = 3. (For detailed accounts, 
the reader is referred to [9], [10], [111.) 

In case n — 8, we read the relation between cup products and Whitehead’s 
products. Let us introduce a lexicographic order in the S” of K”? by the 
subscripts of the ©” and let Z(S":, Sy) be a cyclic group of order 
d = (g,h), where g (or h) is the order of 8"; (or Sw) when §*, is 
considered as an element of H,(i,Z). Then the direct summand W generated 
by Whitehead’s products of m+, ( K+) is a direct sum 

> Z (SP Sy 4) : 

tot) 
Let ¢ be a projection of ma, ( K") onto W, and let 
$ O Ber’; tas > mike); Sn, 5, S'y] 
(ks 4) >(k’, 4”) 
where [S”,, 8",,] is a generator of Z(S"., 8"), and m@”); is an element 
of 7 (S",, 8",). 
Then 


Vi) (Sr) (See) = D mEnE Djen, (ki) > (ST). 


For the proof of these facts one uses the complex S* X 85. 


7. Proof of Theorem 1. (n>3). Let H = {H", H", Hn H™, 
H"(2), Hw(2), H™?(2), H (2), H"(4), (4), A, p Ym Yars Pa De) 
be an A,°-cohomology system. We shall construct an A,3-complex K, which 
has an A,?-cohomology system that is properly isomorphic to a given H. We 
assume (without loss of generality) that yn: H”(2) — H"*?(2) has a normal 
form, i.e. if y. is expressed in terms of a matrix form, each row or column 
contains at most one unity. (Cf. S. C. Chang and J. H. C. Whitehead [7].) 


Let u71,° © +, Up, be generators of the summand of H” whose orders are 0, 
and let vi, - *, Uq, be a generator of the summands of H" whose orders are 
powers of 2, and let W1,---,w', be a generator of the summands of Hr 


whose orders are powers of odd primes. Let 
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utt? ynt? vrt 
000 000 +0 0 0a 
E00 0 0 0 0 0 Of @ 
ur 10 0 0 0 0 0 Æ 0 O| as 
000 E00 0 0 Of a 
000 #0 0 0 0 0 0 2B, 
s jo FO 0 0 0 0 0 Of b, 
0 0 0 0 0 0 0 BE O| b 
000 0 FO 0 0 0! 8, 
Gi. Co Ca 


be a matrix representing yn: H"(2) — H™*(2). Let 


Kn? — >> ah + > Pua Gre, ; + > A o E 
— > Bo 4(2**) + > fmt Bo i (0%) + 2 eB 4 (2%) 
ÉD Bain) FA Oba eae) 
+E “Bea (2) + SUB (2, 2), 
where 2*+ is the order of v"*1,, o is the order of w"*1;, 25: is the order of 


VE dais Ti 18 the order of w+, 2 is the order of vtta, 82: is the order 
vt2;, Rfi is the order of vtt pipes, and 2% is the order of v"**,,,; Let 


Vu ae = > bti ent, Yn ert, (22+) = > baient 
YaaD ag (RU) = ` Drege Ynsie 5 = > e eT 
Yau 64 = > ae (cae YouS™ 4,4 = >: aae 
yn1ie 72 i = > Hit ents ,. Ymae” 12,4 (2) — Dy Gt ents, 


where e”*8; (7 =1,---, tus + Qnis + puss) corresponds with the generator of 
H". Now we shall modify 81: Ny = (ynpe,4)*(0) > H": (2) /ynuH™ (2) as 
follows. As ynuiHf"*?(2) is a direct summand of H"**(2). There is a map 
ii: N, — H™ (2) which induces 6,. Next ps synu H” (2) is a direct sum- 
mand of 2H"3(4) and N;,—y1,(0) N (ynAde)*(0) NN is a direct 
summand of Nts y13(0) N (ynsA2) (0), so there is a map 7p: 
Ni, > 2H™*(4) which induces ®.. Let 


7,8" 5 = >> clit ents. Pİ” 5 (2?) —_ > chi sents DiS", (2) = + diet, 
Then we shall attach e”**; (j = 1,- + +, tars F Qnis + Pn) to K™? as follows. 


1) Be; = apy; (j= 1," + +, tna) 
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where a!; is the order of w”*?,. 


ii) Bent; = aj + È buté + DO? iba 
+ D brins + D bois + D bois: 
-H B bhén H E bér ai 
+È m + E mait D dE a 
(j = tms +1,: > t, inms + Ca) where at; is the order of vase and 
dei = qi, + deh, 
iii) Ben, = Gap + D OP fine + D boté 
+ bts + D batiés + DAT TT 
+ OE + DD oi 
+ D hima + D imei + 2 dit ai. 
(j = tna + 63 +1," + +, ina + Ca -+ a) where af; is a half of the order of 
DUB es ANA dai = di, 1 Bt, 


iv) pert; = A jt5,5-tmeg-es-aa, + D O Éni H D ba hbo, 
+ D batiés + D bié + d bt Eos 
+ D OT Erg + D betét 
+ S ima + D tma + D dbo 4 


(j = tms + Ca + as -+1,:- +, tus + qnss), where a5; is a half of the order 
of Vitnos Nd dety — “Gt; + Ad, 


v) 8e = D brin + D bike, + Y batis 
+ > DSt Esi -+ > bet Es, -+ > Dit ee 
+ > Dés ni + > Ct i + > Ct me 5 + > dE aa 


(3 = tms Fnr + ls? t +, bass + Qnis + Duis), Where dèt; = "di, 4 27 dt. 


We have finished the construction of an À,%-complex, which has a 
properly isomorphic A,*-cohomology system, to a given H. The verification 
is very simple, from the construction. 


8. Proof of Theorem 8 (n > 3). Let K, L be two A, ?-complexes. 
If f: H(L) —H(K) is a proper homomorphism of the 4,%-cohomology 
system of L into that of K, we shall construct a map g: K — L which induces 
f. Without loss of generality, we can assume that K and L are reduced 
A,?-complexes. 
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By Lemma 1, f is realized by a cochain map ff: C*(L) > C*(K). 
Let fg: C(K) > C(L) be a dual chain map of f*. We shall show that 
fg can be realized by a map g: K —> L. By the fact that f: H(L) —H(K) 
is a proper map, it is clear that fy|L*? induces a proper homomorphism of 
an Án -cohomology system of L”? into that of K™?. So, by the theorem due 
to J. H. ©. Whitehead, f| K"? can be realized by a map g: K"? —> L™®, 
To proceed to the next step, we state a lemma due to J. H. C. Whitehead. 


LemMa 6. Let K, L be simply connected complexes and let e” be a 
principal cell, where, n>2. Suppose that f: C,(K) —C,(L) be a chain 
map such that the map f|C,(Ko) (r==0,1,---) can be realized by a 
cellular map go: Ko — L, where Ky = K— e”. If goBe" = Bfe”, then go can 
be extended toa map g: K — L, which realizes the chain map f. 


Let x be a projection of wa..e(K"*) onto its torsion group. Then, by 
the results of section 6, 


98 — Bfe = gpr — Buf = gr — If 
where T = Br. 
By (#) of section 5 and the results of section 6 it is clear that 


(8.1) Te”; = 0 if j} = 1,: -, 80 80 + 81 + 82 +83 +1," -:, 
So + S1 + So + 83 + 54 
(8.2) Te; = D éa (8078) ent, LT Foe (Sqrer**s 5 (2P) ) emt; 
+ D &3,(S 97S", (2%) em, LT &s,4(8q?e"*45, (8 q7e"*1s, Jens, 
+ > §6i(Sq°e"**, i) gnts, J- > Érai( 89%) ents, 
+ D éra, (8070,1) e + E (Sgen (2) jents, 
(1 = 50 +1, : : "3 So + 81). 
(8.3) Ter; = X mna (D1 (811) ) 0 + E mai (G1 (92,4 (2) ) e3; 
+ È Eai (Ba (Saa (2))) e; 
(j = s + s F L, +, So + 81 + 82). 
(8.4) Ters; = D Réa ( a(S 4(2) ) ) oe”; 
(7 = 80 + 81 + Se +1," + +, So -H Ss + 52 + ss). 
Considering that ff commutes with 8, Sgq* and 4, and that the cochains 
of the 0-th, the first, the second and the third kind are the images of 8, Sq?, 
, and #, respectively, we can see that ff maps the cochains of the i-th kind 
of L into cochains of the i-th kind of K (i= 0, 1, 2, 3). 
Taking the dual map fy of f*, we see that fy maps the chain of the 
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i-th kind into the sum of chains of the 1-th kind and of the fourth kind. 
So gf —TIf,z is zero on any cell of the o-th kind and fourth kind by (8.1). 
If e"; is a cell of the first kind, it follows from (8.2) that 


gre; = g (È fni (SPE ne) em; ++ + +) 
= E Ghaa(Sorft senses 
= > 1, ,(fts¢? + 87+, ;) ert J... 
= Sis (IP tO) fees oo, 
where é,; and i8"",; belong to L. Since fye"**; is a sum of a cycle of the 


first kind and a cycle of the fourth kind, we get the following equality by 
using (8.1) and (8.2). 
fge"*?,; = ` ét (IgA) feen; + ae 
This leads to gT — Tf — 0 on the cells of the first kind. If %3; is a cell 
of the second kind, then 
grer; = g (È qi (Ba (Sraa) + +) 
— > ERICA (FETS) yen*s, + de 6 
= Dts (FE (TS) ) "95 4- 
= 5 qts4 (81 (18"1,4) \fgen*8; + “ue. 
Since fye”**; is a sum of a cycle of the second kind and a cycle of the fourth 
kind, it follows by (8.1) and (8.3) 
Df ge"? = DT nha (Di (7814) fee; +. 


Therefore gf! —Ifg = 0 on the cells of the second kind. This is also true 
on the cells of the third kind by analogous arguments. This completes the 
proof. 


9, The case n= 8. The arguments about 7;(K*) and the results of 
section 6 enable us to prove Theorem 1 and Theorem 3 in case n == 3, as a 
slight modification of the proof above (n > 3). 
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ON RIESZ SUMMABILITY AND SUMMABILITY BY DIRICHLET’S 
SERIES: A FURTHER ADDENDUM AND CORRIGENDUM.” 


By ©. T. RAJAGOPAL. 


1. Terminology. It is perhaps necessary to explicitly call attention to 
the terminology of my earlier paper with the same title [4], which is not 
always in accord with practice elsewhere. Let A (u) be a function of bounded 
variation in every finite interval of u = 0, assumed (for convenience) to be 
such that 4(0) = 0. We understand by the Riesz (integral) mean of A(z), 
of order r = 0, the function o (s) = A,(x)/2", where 


A, (2) =r fa—u) A (u)du,r > o ale) AA). 


If A(z) is a A-step function defined with respect to a sequence 
0 — ào <L A An L° ++, A do, Le, if A(z) is defined by 


A (x) == ly lg +++ + Gy for Ap ET < Ann, N= 1, 2,3,° °°, 


A(z) =0 for M&s < À, then o(s) is the Riesz typical mean of Fa, 
of order r and type A, (or A). In the special case A, = n, the Riesz typical 
mean is written R,(x) and called the Riesz arithmetic mean; it can, for 
some purposes (e.g. Theorem # of the next section), take the place of the 


Cesaro mean of order r = 0 of © a, defined by e(n) = [ 5 Cd (Caine 
p=0 


The integral F(t) = f “ewa{d(u) }, {> 0, whenever it exists, is called 
a 0 


the Laplace transform of A(w). Its special case, when Au) is the A-step 
function already defined, is the Dirichlet series $, ane™* called the D(A)- 
transform of © an; the further special case in which A, =n is the power 
series © de "* called the Abel transform (or mean) of > an. 

A(u) is said to be summable to sum s by the r-th Riesz mean (r > 0) 
or by the Laplace transform (whether in the general case or in one of the 
special cases), according as o,(w) —s as u->o or F(t) —s as t+ 0. 
Similarly > a, is said to be summable by the r-th Cesaro mean (r > 0) when 
Cr(n) >s as no. 


* Received August 15, 1952, substantially revised March 31, 1953. 
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The opening statement of my previous paper ([4], p. 371) should be 
understood to mean: When A(x) is a sequence or series $, am its summability 
by the k-th Riesz arithmetic mean (k > 0) necessarily implies its summability 
by the Laplace transform in the form of the Abel mean. 


2. A theorem on summability by Riesz means. The following theorem 
appears in the concluding section of my earlier paper ([4], p. 377). 


THEOREM t Write 
Be > 00 Z-— © 


lim o, = Ge, lim or = oy. 
Tr? © r> © 


Then Ga = Ca =S (finite) ensures 5, = or =S for all sufficiently large r, 
say T2 To + 1. i 


The previously known analogue of Theorem ¢ for Cesàro means ([3], 
p. 199), due to Littlewood, is as follows. 


THEOREM ¥. In the case of the series X, an, let 


lim sup e(n) —&, liminfc(n) = Cr, 
> © 


n> © 


lim TA = Chs lim Cr Co: 

Poy 00 r> © 
Then s= Co =S (finite) ensures Č, = c, =s for all sufficiently large r, 
say TÈ To + 1. 


Pennington ([8], p. 200) has recently pointed out that the proof of 
Theorem ¢ outlined by me is incorrect, and given an interesting alternative 
proof along entirely different lines ([3], pp. 201-206). However, it may be 
pointed out that my proof, with an obvious modification, is valid for Theorem ¥. 
For, the hypothesis of Theorem ? implies (i) that cp (n) is bounded as n — œ 
for all large r, say r= ro, and (ii) that Ð, ane”? converges for ¢ > 0 and 
tends tos as t—+-+ 0. The implication (i) has the consequence that R,(x), 
as also B,(x)/a™ = (r L1){R,(x) — R,.;(x)}, is bounded as z—>œ for 
r=, ([1], p. 118, proof of Theorem 58) and, taken along with (ii), 


1 The mistake is in the assumption that the boundedness of the Riesz (integal) 
mean o,(@) as æ-> ©, for some r > 0, ensures the existence of the Laplace transform 
F(t) for #>0. Not even the convergence of o,(#) as æ— © suffices to ensure the 
existence of F(t) for tœ 0. The opening sentence of [4] which has this wrong impli- 
cation should be corrected as in the last sentence of the first section of the present paper. 
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establishes the summability of X; a, by #,(a) for r = ro + 1, when we appeal 
to Theorem 1 of my previous paper [4]. But summability of X, a, by R, (2) 
implies summability by c,(n) ([1], Theorem 58) and so the proof of 
Theorem 7?’ is complete. 


3. Some lemmas and their proofs. The proof of Theorem ? given 
above can be adapted to prove Theorem #, by means of the following lemmas 
of which Lemmas III and IV are for alternative and not simultaneous use. 


Lemma I. If there is an r= rt, Z 0 such that | o,,()| SK, then 


(i) &,,.(€) = t=T (ro + 1) f “ett, (u) du converges absolutely for 
t> 0, 
(ii) for any k > 1, i 
K+ lim inf ®,,(¢) = ve CO E -+ arn], 


K — lim sup Pra (t) = tro) ge (To*t) [K = Grotte] 
t>+0 


T(k) (ro + t)r 
FEF 1: 

Lemma II. If Ts = co = s (finite), then we can find r, > 0 so that the 
conclusions (1) and (ii) of Lemma I hold and furthermore &,,(+ 0) —s. 


where vpo) = 


Lemma III. If there is an r, 0 such that (in the notation of 
Lemma I) 


(1) ©&,,(¢) converges absolutely for t > 0 and tends to s as t—> + 0, 


(2) Brala) = (ro + 1) {Ay (T) — Are (£) } = O1(ae"), æ—, 
then lim or (2) = 8. 


LemMA IV. Suppose that A (u) = 0, A (u)e”t is integrable over (0,00 ) 
for t > 0 and (in the notation of Lemma I) 


(3) ia (t) = f “etd (u) du ~ Hts, 1 +0, 
0 


where «=20, HZ0; the supposition (3) being interpreted to mean 
tpo (t) =o (t€) in the case H==0. Then 


f Au)du~ H/T (a +1), | E>. 


Proof of Lemma I. The conclusion (i) of the lemma is obvious. 
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To prove the conclusion (ii), we shall first suppose that o,,(%) = 0, or 
A,,(«) = 0. Then, for a given y > 0, 


rot? 


D Le g . _ a o a _ =. 

(4) ay fear J, MOO — Audu 
where ; 

(5) h (u) = etage) (a — yu), 

Now Au) defined by (5) has absolute minimum, corresponding to 
u = x — (k — 1)/y = U (say), whose value is 

(6) RCD) = ee (gy) rty (k — 1)*, 


Consequently we have, from (4), 


yrort 


h(U) 
(7) T (T Ey 1) 0 


ee — 4) E- 
T(r + Sol, (v — u) Arn (u) du. 


h(U) in (6), considered as a function of zy, has absolute maximum when 
ay = ro + k, this maximum being 


“oA, (0) du = 


(8) eD (ny + kyrt / (k — 1) Ft = yoo (r, + + 1)/r (b). 


In (7) we can choose z= (r, + k)/y and replace h(U) by its largest value 
given by (8), getting the best form of (7): 


yre* 1 


(9) P(r) + 1) 0 


i Fro +k +1) f E 
> 5 (0) 2 LaO CT O 77 a 94, \ K1 
a ye TET (rep De), (z — u) 14, (u) du. 


“ed, (u) du 


Now, by a well-known formula, 
(10) Are) = (ro + k + D/O (+ DY} f (e — #14, (u)du. 
Substituting for the integral on the right side of (9) its value in (10), 
we obtain from (9): 
(11) Baly) Z P/P +1) f ewrd,,(u) du 

= vee Moy x (2); z= (ro + k)/y. 
Letting y — + 0 in (11), we have 
(12) liminfe,(y) = mére tor lim infens((r + &)/9) 


— ypo) e Foro, +k 
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If o,,(z) does not satisfy the condition o,,(z) = 0 but is such that 
| on (£)| S K, or o,,(x) Z — K and —o,,(«) 2 — K, we can replace An (u) 
in the preceding argument successively by Ku" + A,,(u) and Kure — A,,(u) 
and deduce from (12) the two inequalities of the conclusion (ii) of Lemma II. 


Proof of Lemma II. The hypothesis of Lemma IT implies that o,(x) 
is bounded as «—>oo for all large r. Hence we can find r, > 0 such that 
| on(£)| S K and consequently the conclusions (i) and (ii) of Lemma I 
hold. The further conclusion @,,(¢) — s as t— + 0 follows the conclusion 
(ii) of Lemma I when we let k +o, since v” + 1 as k-o. 


„Proof of Lemma III. This lemma is a slightly modified form of an 
extension of a theorem of Szász already obtained by me ([4], Theorem 1).? 
It requires no proof if it is recalled that, in my extension just referred to, 
I have in effect assumed that 


f e“td{A(u)} converges for { > 0 and tends to s as £ — + 0, 
0 


derived from this assumption the hypothesis (1) of Lemma III, this deriva- 
tion involving an appeal to known theorems ([7], Chapter II, Theorem 2. 3a 
and $$ 8.1, 8.2), and finally used (1) and (2) to establish the conclusion 
of Lemma IIT ({4], Lemma 4 and § 1. 2). 


Proof of Lemma IV. This is omitted, the lemma being a well-known 
theorem of Hardy and Littlewood ([2], Theorem 1). 


4, Proof of Theorem t. The hypothesis of Theorem t, which is also 
that of Lemma II, implies (as a result of the lemma) the existence of an 
> 0 such that r(x) == O(1) as z->00 and hence (1) holds. Now 
o;,() == O(1) also implies (2) in the form B,,(x) = O(a). Hence the 
conclusion of Theorem #, which is included in that of Lemma III, follows on 
an application of Lemma III. 

The referee has suggested that Lemma IV may be used instead of 
Lemma III in the preceding proof, and the proof concluded thus. The 
condition e(z) = O(1) shows that we can find a constant K such that 


Az) + Kate = 0; while the condition #,,(¢) > s as t->-+ 0 implies 
f "ui An (u) + Kur}du~ (s + E)r 4 DED, t40. 
0 


2 In fact Lemma III reduces to Szász’s theorem ([5], Theorem 1) when 7 = 0. 
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Hence we can take, in Lemma IV, An(u) + Ku’ instead’ of A (u), ro +1 
instead of a, and conclude that 


f "(Ay (4) —- Kur} du — (s+ KT (ro + 1) /T (ro +2), 20, 


or | 
Ant) = (To + 1) fan (u) du~ sar, T —> 0, 
; 
whence the conclusion of Theorem é follows at once. 


Remarks on the proof of Theorem t. (i) It is clear from the proof of 
Lemma III ([4], § 1.2) that the lemma is effectively a transformation of 
' the well-known case « — 1 of Lemma IV. Thus it would seem that there is 
no essential gain in simplicity resulting from the use of Lemma IV in place 
of Lemma III. 


| (ii) Pennington remarks, apropos of the version of Theorem ¢ for 
Riesz typical means, that its proof by Dirichlet’s series requires the use of 
quite deep-lying results in the uniform summability of such series. The proof 
of Theorem ¢ given here, along the same lines, makes use of the standard 
- techniques employed in my previous paper [4] including Doetsch’s ‘ positive ’ 
Tauberian theorem either in its simplest form (case «= 1 of Lemma IV) 
or in a generalized form (Lemma IV). 


5. Minor corrigenda and addenda. In [4], p. 374, relation (10), u** 
.of the right-hand member is to be corrected to u**?. 


In [4], p. 374, condition (ii) of Corollary 1, B,(«) 2 — kA, is to be 
corrected to B,(x) = — Kaut”. 


In [4], line 6 of p. 851, ‘ vol. 59 ? is to be corrected to ‘ vol. 69.’ 


In [4], p. 851, condition (i*) of Corollary 8, £—>o is to be corrected 
to t— + 0. 


The inversion of integrations, in the proofs of Lemmas 4, 5 of [4], may 
be justified by Fubini’s theorem, if we suppose that the Laplace transform 
F(t) of Au) is defined as a Stieltjes integral, as in the first section of this 
paper, .so that 

P(t) = | “ewtd(A(u)} = r(e +1) f “Ap(u)ewtdu = a(t), 

| 0 ; 9 
15 0,kZ0, 


17 
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where the second integral converges absolutely ([7], Chapter II, Theorem 
2. 3a and §§ 8,1, 8.2). | | 

In the proof of Lemma 5 of [4], p. 376, the passage from the step in 
line 4 to the next step may be elucidatel thus. Since the inner integral in 
the former step is non-negative, we have 


+ 


VOT (r + Lou) SS ety" edu È r(u— t) A(t) dé, 
0 


\ (r + k)/z, 
and this leads to the latter step, by Fubini’s theorem. 
Lemma 4 of [4] has been recently proved by Szász ([6], §3) by a 
somewhat different method. 
In conclusion, I would like to thank the referee for helping me to revise 
thoroughly this paper. l 


RAMANUJAN INSTITUTE OF MATHEMATICS (KARAIKUDI), MADRAS. 
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AN INTERPOLATION PROBLEM FOR HARMONIC FUNCTIONS.* 


By J. L. WALSE. 


The study of functions f(z) analytic interior to the unit circle and 
defined there by requirements of interpolation is due especially to Kakeya, 
Takenaka, Malmquist, and Walsh [1] if the functions are subjected to the 
requirement 


(1) JFG lal <o, G:|el <1, 


and is due especially to Lokki [2] if (1) is replaced by the Dirichlet integral 
of f(z) over |z| <1. It is the object of the present note to indicate that 
the extremal methods developed by these authors, and the theory of repro- 
ducing kernels developed by Bergman [3] and others [4], apply also to the 
study of real functions w(z) harmonic interior to C and defined there by 
requirements of interpolation, where u(z) satisfies a condition analogous to 
(1). We indicate the differences of method required for harmonic rather 
than analytic functions, and present the specific formulas involved. 
We denote by H the class of functions (z = re**), 


(2) -u(z) = 4a + 5 (ay, cos kð + by sin k6), > (ax? +b) Lo, 
k=1 k=1 


each of which is clearly harmonic in |z| < 1. For a given function u(z), 
the coefficients a, and b, are uniquely determined, because on each diameter 
of C:|z|=1 the function is represented by a power series in the real 
variable 7; such a representation is unique. The series in (2) converges in 
the mean on C to some function w(eft), and since the partial sums are 
represented in |z| < 1 by their Poisson’s integral taken over C, it follows 
that u(z) is also represented in |z| < 1 by the Poisson integral of u(e*) 
taken over C. The norm | u | of w(z) is defined as the (non-negative) square 
root of 


(3) p f Tue) Tea — gu? + (ut + D). 


A function of zero norm vanishes identically. The first series in (2) con- 


*Received May 12, 1953. 
259 


260 J. L. WALSH. 


verges uniformiy on every circle | z | =r < 1, since the a, and by are bounded, 
and we have . | 
(4) Af [u(r edo = dae? + È (ut + Bet) es 

[el=r k=1 


this last member is not greater than the second member of (3), and by Abel’s 
theorem approaches the second member of (3) as r— 1. Of course (4) is 
valid for any function u(z) harmonic in | 2 | < 1, so the last condition in 
(2) can also be interpreted in the form 


27 
(5) lim Í | u (rett) |?d0 < œ ; 
r>1 ./0 


the integral whose limit appears here increases monotonically with r, as is 
obvious from (4). 


1. An extremal function. 


THEOREM 1. With [al <1, let fa(z) be the function of class H which 
takes on the value unity for z — a whose norm is least. Then for an arbitrary 
function u(z) of class-H we have 





(6) u(a) = f u(e)fal2)| del/ f fit) de | 
From (2) we have (| a, cos nð + bn sin nb |? S ap? + 8,7) - 
(D | ure) |S (+ Sr) (ar +E (ay? +b) 


= | ule + 17) /(1 — 77) I, 


from which it follows that a sequence of functions u,(z) of class H of bounded 
norm is normal in |z| <1. A suitable subsequence converges uniformly on 
any closed set interior to C to some harmonic function u(z). The monotonic 
character of the integral in (4) implies 


2T 27 
f | u (ret?) |? 48 — lim f | tn (reh) |? dO <= x || un |? ; 
0 n> © 0 


since || un || is bounded, (5) is satisfied and w(z) is of class H, with 
| u || = lim sup || n |. The set of functions of class H taking the value 
unity in za contains the function u(z) =1, hence is not empty; there 
exists a function f,(z) of this set of minimum norm. We have || fa | > 0 by 
virtue of f,(a) = 1. 


Lemma 1. A function uo(z) of class IT is orthogonal to fa(z) when and 
only when w(ax) = 0. 
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If we have w.(a) = 0, we have for every real e by the definition of f,(z) 
(8) | fa 1? SS fa + eto [7 = À fa 1? + Ze (fa, Uo) + € | Mo I’, 


where we use the generic notation 
9) =4 f FC) de | 


Since (8) holds for every e we must have (fu, uo) ==0. Conversely, if we 
have (fus Uo) = 0 but uo(a) 0, the function 


(fa(2) + etto(2))/(1 + euo(a)) 


is of class H, takes the value unity when z == g, and has as norm the square 
root of 


(l fa I? + € fat 2) /[1 + eue(a) 12, 


a norm which for a suitably chosen numerically small « is less than that of 
fa(z). This contradiction of the definition of fa(z) establishes Lemma 1. 

If w(z) is an arbitrary- function of class H, thé function u(z) —u(a) 
is of class H and vanishes for z = q, so by Lemma 1 we have 


flu @) —w(a)]fa(@)| de | — 0; 


in particular from u(z) =f,(z) we have x || fa |? =f fa(z)| dz | 0, 
À : 
(6) follows, and Theorem 1 is established. 


The function fa(z) of Theorem 1 is unique, for if a second such function 
F,,(z) exists, the function fa(z) — F(z) vanishes for z = q, hence by Lemma 
1 is orthogonal to both f,(z) and _F,(z), hence orthogonal to.fa(z) — F,(z), 
and vanishes identically. The function f(z) of class H is uniquely charac- 
terized by fala) —1 and the property of being orthogonal to every wo(z) 
of class H which vanishes in z — a; for if a second function F,{z) has these 
properties the function f,(z) — Fa(z) is orthogonal to both fa(z) and F,(z), 
hence is orthogonal to f4(z) — Fa(z) and vanishes identically. If &(2) is a 
function of class H and if for every w,(2) in H we have uo(«) = r(w(2), &(z)), 
then the function ®(z) —f,(z)/r(fa(z), 1) is orthogonal to every uo(z) 
in H, is orthogonal to itself, and vanishes identically; thus we have 
© (2) = fa(z) /a (fala), 1). 

Lagrange’s multipliers give a necessary condition for a minimum and 
thereby enable us to. compute f,(z). In the notation (2) for fa(z) with 
a == pet? we have to minimize 


(QQ) hao? +S (ay? + ba?) 
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subject to the auxiliary condition 


(10) Jao + > p” (dn cos nd + bn sin nd) = 1. 


We thus write (Au Æ 0) 


F(A, p) <= AL Sao + À p" (an cos ng + by sin n6)] + alga? + È (an? + bi) ], 
OF /0Gn = Xp" cos nd + Ruan = 0, n >Q; 
OF /ðao = LA + Zuto] = 0, 
01/00, = Ap" sin nd + Ruby, = 0, n > 0. 


Substitution of these unique values of a, and bn in (10) now yields 


— (0/24) [$ + È p” (cos? np + sin’ng)] — 1, 
— (2u) = 2 (1 — p*)/(1 + p°), 
34o = (1—p*)/(1+p*), an= 2 (1 — p°) p” cos np/(1 + p°), 
by = 2 (1 — p”) p” sin np/(1 + p°); 
(11) falre?) = (1 — P) [(1 — r°p)/(1 — 2rp coslo — 8) + 1°) ]/(1 + p°). 
The denominator in (6) reduces to 2r(1 — p*)/(1 + p°), so the second member 
of (6) reduces to the familiar form of Poisson’s integral. 

Our entire proof of Theorem 1 can be based directly on Poisson’s integral 
rather than on the general theory of orthogonal functions; the contrast in 
method is that of derivation rather than immediate verification, methods of 
general rather than restricted applicability. The computation of f,(z) must 


of necessity yield the kernel of Poisson’s integral, for we have already 
shown that any function @(z) of class H with the reproducing property 


Uo (%) = f. Uuo(z)®(z)| dz | for every uo(z) in H must be identical with 


| fa(2)/ j fa(z)| dz |. Incidentally, we have here a new proof of the validity 
Je 


of Poisson’s formula. 
Another form of (11) is (2 = re?) 


(12) falre) = (1—p*) Re[ (1 + &)/(1— ã2)]/ (1 +p), 
which will prove especially useful. 


2. Interpolation and orthogonal functions. We are now in a position 
to study the general problem of interpolation. 


THEOREM 2. Let the distinct points a, &, %e,° * * interior to C be given, 
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finite or infinite in number. Let wn(z) be the function of class H of minimum 
norm which satisfies the auxiliary conditions | 


(13) Yn (Go) = Yin (04) a Un (ana) — 0, Yn (An) = Í. 
Then the sequence {y,(z:)} is orthogonal on C. 


Theorem 2 is similar to a theorem due to Bergman [8], involving 
analytic functions and multiple interpolation in a single point of a region. 
The set of functions of class H satisfying the auxiliary conditions (13) 
is not empty, for there exists a polynomial in z satisfying those conditions ; 
the real part of this polynomial is of class H and also satisfies those conditions. 
Thus ya(z) exists. No function of class H satisfying (13) is identically zero. 
The function #,(z) defined in Theorem 2 is orthogonal to a function 
u(z) of class H with u(a.) —=w(a,) =` + -== u(%4) —0 when and only 
when we have u(a,) —0; we omit the proof, which follows precisély the 
method of proof of Lemma 1. Consequently each ya is orthogonal to 
Ynit» Wnez,° °°, SO the sequence is orthogonal. | 
Moreover, if we have for a function u(z) of class H the equations 
U (Go) = U(%,) =" ‘== U (äna) = 0, then we have as in the proof of (6), 


(14) (a) = f. aCe) yn(e)| de 1/ vale)! de 


A special case of this equation is found by setting u(z) = ya (2): 


1— f CGT | de PARC) de |, 


so (14) can be written 


L 


(15) ufan) — J (av)! de 1/7 Lun FF 


If u(z) is an arbitrary function of class H, there are two formal 
expansions of u(z) of form 


(16) u (z) ~ apo (2) + agal) bes 


the one expansion is the usual orthogonal function (Fourier type) expansion 
found by formal expansion of u(z) on C, and the other is an interpolation 
series expansion found by setting successively %==M,%,° * *, and solving ` 
for do @1,° = * in order: 


UW (Go) = lopo (%0), U(%1) = toyo (%1) + typi (a) °°. 


These two formal expansions are identical. The fact that a, is the same 
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whether found by one method or the other is a consequence of (15) for n =Q. 


Assume this conclusion true for ao, Q © *,@n1. The function 
tinea (2) = u (2) — topo (2) — arpi (2) —` ` ` — anar (2) 
vanishes for 2 = %, @,° * *,@ns. By (15) it is then immaterial whether a, 


is determined by interpolation to w,.,(z) in 2 == op; namely Annlan) = Unahan) 
with Yalan) = 1, or determined by the formal orthogonal expansion of w, (2) 


on O: man Yu I? = f tna(z)on(2)| de | 


Each function y,(z) is unique, and is also the unique function which 
satisfies the auxiliary conditions (13) and is orthogonal to every u(z) of 
class H which satisfies the conditions u(a%)) =` > -==u(a,) = 0, as follows 
by the method already used in connection with Theorem 1 for n—0. We 
shall prove that w,(2) ts a linear combination of the functions (2), 
W,(z),° + +, Yah), where %,(z) ==fa,(z). These functions ¥,(z) are linearly 
independent on C, for by (12) they are functions harmonic over the extended 
plane except for singularities in the distinct points 1/é, respectively. These 
functions Y,(z) can then be orthogonalized and normalized on C by the 
Gram-Schmidt process, yielding a set po(z); ¢:(2),° © ~,¢n(2), where $;(z) 
is a linear combination of the functions Y(z), YW(2),- © +, ¥a(z2). Thus 
(2) is orthogonal on Č to the functions ¢o, $1,° © *, dx, hence is orthogonal 
to Po, Pi, ++, Vea, hence by Theorem 1 vanishes in the points a, €n °°, Ara. 
But ¢; is not orthogonal to Y}, so (also by Theorem 1) we have ¢;(a,) Æ 0. 
Every function u(z) which vanishes in all the points a, à, : --, 4, is orthogonal 
to Wo, Yi- - -, Fa hence is orthogonal to ¢,(z). By our characterization of 
Wx(z) in terms of orthogonality to such functions u(z), it follows that ¢;,(z) 
is a constant multiple of #,(z), so #x(z) is a linear combination of the func- 
tions Wo, Yi, >, ¥,; conversely, Yy is a linear combination of xo, di, + - + , Wr. 

The formulas for the orthogonalization and normalization of the functions 
(12) may be readily written by the reader in determinantal form; we have 
for instance ; 


S BORE S ¥5(2)fau(2)| de | = (on) faute) de 
c | ğ JC 
== [1 — | a |*)/ + Los DIEA — | ex [3/0 + | ox 1] 
X Re[(1 + aox)/(1 — ajax) l. 
The two fundamental questions of interpolation for functions of class 


H are 1) given a function u(z) of class H and a set of points %, @ * : 
interior to C; to express u(z) in terms of the values u(a,) ; 2) given a set 
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of points Xo 41," >- Interior to C and corresponding functional values Ao, 
A + + ; to determine all functions u(z) of class H satisfying u(d;) = Ar 
The second of these questions is the more general and essentially includes 
the first, so we proceed to consider it. 

There obviously exists a unique linear combination of the functions 
Wolz), Ws (2),° © +, Wn(%) which takes on prescribed values Ao, Ai,--- +, An 
in the respective points @&o, 01," °°, @n, so there exists a unique linear com- 
bination of the functions ¥o(z), Y,(2),- + : , Y,(2) which takes on those values 
in the respective points. The formula for these (equivalent) linear com- 
binations is readily written in determinantal form. The function uw (z) thus 
obtained is orthogonal to every function u(z) of class H which vanishes in 
the points @,%,° * `, n hence is the unique function of minimum norm 
which satisfies the prescribed conditions of interpolation: 


| to + u TP = {ul + || |? = | eo |? 
The case of an infinite number of points a, a,,- © - and prescribed values 
Ao, A1,° © * is similarly treated. The points and values define a formal 


infinite expansion (16) found by interpolation in the points «x; a necessary 
and sufficient condition that there exist a function u(z) of class H taking on. 
the values A; in the points æy is the convergence of the series >) a,” | yr [l*. 
If this condition is fulfilled, the second member of (16) converges in the 
mean on (, hence by (7) converges uniformly on any |z|Sr<1, and. 
represents a function %(2) in H which satisfies the conditions of interpolation. 
Any function in H which vanishes in all the points æg is orthogonal to every 
Wx, and conversely; such a function is orthogonal to uo(z). Thus w(z) is 
the unique function of class H of least norm which satisfies the conditions of 
interpolation. The most general function of class H satisfying the conditions 
of interpolation is then u.(z) plus an arbitrary function u,(z) of class H 
which vanishes in all the points æ, or otherwise expressed is 4,(z) plus an 
arbitrary function u,(z2) of class H which is orthogonal to all the (2). 

If we take as departure not arbitrary assigned values A; but a function 
u(z) of H, its formal series of interpolation (16) is on O merely the formal 
expansion of we’) (measurable and square-integrable on C) in terms of the | 
orthogonal functions y;,(e), hence converges in the mean on’C and represents 
in |z|.<1 the function tto (z) of least norm satisfying the conditions 
Uo(ar) =u (@r) for every k. | 


8. Real points of interpolation. There is one non-trivial case where the 
functions ¢,{z) and x,(z) can be written down at once: 
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THEOREM 3. Let there be given the real distinct points 
(17) Go == Ô, di, Ge," * * 
interior to C. In series (16) we may choose yo(2) = 1, 

Yn(z) == Rent (2 — a1) ` +» (2 — Gna) /{(1 — az) + > (1 — anz) }], 
(18) An = (1 — ðn) > +  (1— On?) /a (an — 21) © + + (an — ani). 
The functions 

24, Re[(1— | an [Dizz — a)» (2 — as) /{(L— ae): +» (1 — an2) Y] 

are normal and orthogonal on C. 


The analytic functions F(z) == U,(z) + iV,(z) whose real parts occur 
in (18) are known ([1], p. 305) to be orthogonal on C; for 74k we have 


0 = f FGF: (2) dz | -f (U; + iV;) (Ur — Wx) ds, 


(19) f, URERA ds = f , (UVa — U nV) ds = 0. 
H | 


On C we have dz = 1248, so by Cauchy’s integral formula (even if 7 = k ~0) 
f F(z) Fy, (2)ds = — i f F;(z)Fy(2)dz/z = 0, 
c c 


(20) f (Un Pr f (Ur + UaV;)ds = 0. 
JC 


The orthogonality of the set exhibited in (18) follows from (19) and (20). 
The function #,(2) exhibited in (18) is a linear combination with real 
coefficients of the functions 


(21) Re[ (1 + a2) /(1— az) ], k = 0, 1, 2, > Pith 


by the classical theory of the decomposition of rational functions; since the 
procedure of orthogonalization of a given sequence leads to essentially unique 
results, it follows that the sequence exhibited in (18), found by orthogonaliza- 
tion of the sequence (21), is identical with the sequence y,,(z) previously 
considered in (16), found by orthogonalization of the functions — a= f,,(2) 
of (12). 

From the analogue of (19) with 7—k>0 and from (20) we have 


f | F; |? ds = 2 f U ds; the first member is readily computed, so nor- 
/ C C 


~ 


malization is as indicated in Theorem 3. 
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4, Completeness of orthogonal functions. The functions #,(z) in (16) 
may be complete but need not be complete. For instance, if the «y can be 
written in the form a; = peb, 0 < p < 1, where p is independent of k and 
where B/r is irrational, the points a; are everywhere dense on the circle 
| z | = p; a function of class H which vanishes in all the points a, vanishes 
identically interior to C. On the other hand, if the a; satisfy the conditions 
of Theorem 3, the function V;,(z), £540, in H does not vanish identically 
and is orthogonal to all the functions y,(z) [or U,(z) |, so the latter do not 
form a complete set in H. 

There are various procedures for completing a given set ¥,(z) in (16), 
to which we now turn. An arbitrary function of class H which vanishes in 
all the points a, is orthogonal to each y¥;,(z), and conversely. If the functional 
values Ay, = u(@,) are prescribed with > ax? | Yx |? convergent, or if a func- 
tion u(z) of class H is given, the formal expansion (16) converges in | z | <.1 
and converges in the mean on C to the function u,(z) of minimum norm 
with the property w(ax) = (a) Every function u(z) of class H which 
takes on the prescribed values is given by the equation 


(22) u(2) =u (2) + u (2), 


where u (z) is a function of class Æ which vanishes in all the points oz. 
By the orthogonality of uo and u, we have 


(23) | u ||? = |] uo Il? + |] a (À 


If the set #,(2) in (16) is not complete, we denote by H’ the closure of 
the linear family of functions u(z) of H defined by the y,(z), and denote 
by H” the closure of the linear family defined by a complete subset of 
orthogonal functions of H each of which is orthogonal to all the yn; then H” 
is the class of all functions of H vanishing in all the points ax, or alternately 
orthogonal to all the Ya. Each function of H is the unique sum of a function 
of H’ and a function of H”. It may occur (in contrast to the facts for 
interpolation to analytic functions, for which the set of points on which all 
functions of the analogue of H” vanish is precisely the set {o,}, and the’ 
Blaschke product whose zeros are the a; is convergent) that each function of 
H” vanishes on a point set larger than {ax}, as for instance under the 
conditions of Theorem 3 with a;—0; in the notation of the proof of 
Theorem 3, the functions F,(2) =U,(z) +iV,(z) form a complete set with 
respect to the class H, of analytic functions > crz, $ | cs |? <œ; the real 
part of a function of class H, is of class H, and an analytic function whose’ 
real part is of class H is itself of class H+; thus the functions {Un, Vn} form 
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a complete set with respect to class H ; the closure of the linear family defined 
by {Un} is H’, and the closure of the linear family defined by {Vn} is H”; 
all functions of the latter family vanish at every point of the axis of reals 
interior to C. | 

We can be more explicit, with the choice that a, is real, a, —> 0. Every 
function of class H which vanishes for real z is orthogonal to each y(z), 
hence is orthogonal to each function of class H’. But it follows from (2) 
that every function of class H is an analytic function of the real variable r 
on the segment — 1 < æ < -+ 1, y = 0, so every function of class H «which 
is orthogonal to all the ÿk(z) vanishes in all the points æ and vanishes on 
the axis of reals, hence (by Schwarz’s principle of symmetry) satisfies the 
equation u(z) ==—-u(z). In the expansion (2), which is unique, it follows 
that every a; vanishes. Consequently, the class H” is precisely the class of 
functions (2) with every a; equal to zero, namely the closed linear extension 
of the class {7* sin £6}; otherwise expressed, the class H” is the subclass of H 
for which u(e#) is an odd function of 6. | 

‘We return to the situation of arbitrary a, where the set H” is not empty, 
and denote by $ the set of points interior to C on which not all the functions 
of H” vanish. Precisely the interpolation method used in the proof of Theorem 
1 yields a formula analogous to (6) for the determination of the value in an 
arbitrary point a of $ of an arbitrary function of class H”. Moreover there 
can be determined by the methods already used a set of orthogonal functions 


Yo yis * * all of class H” such that an arbitrary function w’(z) of class, 
H” can be represented 

(24) u” (z) ~ dopo + api) +; 

the function #”,(2) vanishes in points ao, &”1,: © +, a4 of 8 and does not 


vanish in #”;,; the unique formal expansion (24) may be found either by the 
usual method of expansion on C in orthogonal functions or alternately by 
formal interpolation to w’(z) in the points «w; the points. a”, are not 
uniquely determined, but may be chosen for instance as the subset in S of 
the points pe, 0 < p <1, k=0,1,2,---, where B/x is irrational, and p 
is independent of k. The functions #” are all orthogonal to the original 
set Yr, so an arbitrary function u(z) of class H has the expansion in orthogonal 
functions 


(25) (2) —~ topo + api $f a Wo + OW +, 


which is valid in |z| < 1 and valid in the mean on C. Series (25) also 
partakes of the usual properties of interpolation series; the function Wy 
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vanishes in the points @o,@,::",@% but not in the point 4, so if 
Qo, G1,’ * *, Gx1 have been determined, the coefficient a, can be determined 
by formal interpolation in the point «y; the function y”;, vanishes in the points 
Soy so A + *,# but not in the point @,, so if Go Qn’, E o 
a’, t e, dra have been determined, the coefficient a”; can be determined 
by formal interpolation in the point o’’,. 


5. Kernel functions. The relation of the classes H, H’, H” is of 
particularly simple form when expressed in terms of kernel functions. If 
the set of functions #,(z) each of class H is normal and orthogonal but not 
necessarily complete on C, and if an arbitrary sequence a, with > a? conver- 


gent is chosen, the series > Gnbn(Z) converges in the mean on O, and hence 


by (7) converges suite on every closed set interioi to C. Since the 
series > Gndn(z) converges for every such choice of the An, it follows by a 
result due to Landau that the series 3\[¢,(z) ]? converges for every z interior 
to C. Consequently the kernel function 


(26) b(t) SAD balet) 


is defined for each ¢ with |t| < 1 as a function of class H in z, and is 
symmetric in z and #; the series defining &(z, t) converges in the mean for z 
on C. If u(z) is a function of H and if the set ¢,(z) is complete in H, we 
may write for every z with |z| <1 


[rc t)w(t)| dt | =} Pn(z) IROSO] dt | =u (2). 


From this equation it follows that the kernel when defined by (26) in terms 
of a complete set {pn} of normal and orthogorial functions can also be defined 
_ by the analogue of (26) in terms of a second ane set {¢’,} of normal 
orthogonal functions: 


(Ft) 6a(t) dtm ole), CO ESA OA) 


for | ¿| < 1, since &(z,#) is of class H in z for fixed ¢, | t| < 1; this series 
for k(z,¢) converges in the mean for z on C and uniformly for |2| Sr < 1. 

À kernel k, k’, k” is associated with each of the classes H, H’, H” pre- 
viously introduced ; the kernel can be expressed in terms of a complete normal 
orthogonal set for the corresponding class: 
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k(2,t) =} Dd pa(z)dn(t), ` ki (4,t) sad > Yn(z)Wn(t); 
k” (2, t) =H DW n(2) W a(t). 


Since the set {Wn Wn} is complete in H, we have k(z, t) = k' (z, t) + k” (z, t). 
If u(z) is of class H, we have 


IRC t)u(t)| dt |= ÈV) f aOd L 


which is the formal expansion of w(z) in terms of the set {Wn}. 

If a function u(z) of class H is given, or if functional values in the 
points æ, are otherwise given corresponding to which a function of class H 
exists, we have a formal development Y'ax1(2) ; if u(z) is given this 


development represents the function f ‘ke’ (2, t)u(t)| dt |. If the functions 
c 


Wz(z) are complete in H, this development represents the unique function 
of class H taking on the given values in the given points. If the functions 
{y’,(z)} are not complete in H, this development represents the function of 
class H of least norm taking on the given values in the given points; the 
whole class of functions of H taking on the given values in the points a, is 
precisely the class 


À ap (2) +> beh rlz), where X b <o, 


and can also be expressed as > ay ele) + f k’’ (2, t) U (¢)| dt |, where U (2) 
k=0 C 


is an arbitrary function of class H. 

In the special case already considered (§ 4) that the ax are real with 
ax — 0, we have shown that H” is precisely the set of functions u(z) in H 
for which u(eïf) is an odd function of 8; since every function of 0 is the 
unique sum of an odd function of 6 and an even function of 6, and since 
every odd function is orthogonal to every even function, it follows that the 
set H’ of functions of H orthogonal to all functions of H” is precisely the 
set of functions w(z) of H for which u(eïf) is an even function of 6. For 
this special case we may write (r < 1,p < 1) 


oQ 
ki (reth, pett) = + + 4 D r”p” cos nd cos nd 
À di n=l 


= À Re[1/(1 — rpe*@)) + rpet?-*)/(1 — rpet@-)], 


-_ 


oO 
ke’ (rett, pet?) = 4 X r”p” sin n6 cos nd 
n=1 


ms 1 *nei(8-à) ___ anoi- — pr ni(0+d Sat 
= L Re[rpet#-0/(1— rpet 0-2) — ret /(1 — roei) ], 
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6. Multiple points. In interpolation problems for analytic functions, 
coincidence of two points of interpolation corresponds to prescription of the 
derivative of a function; for harmonic functions, such coincidence corresponds 
to prescription of a partial derivative of-a function ; similar remarks apply to 
coincidence of more than two points of interpolation. For harmonic functions 
it is obvious by Laplace’s equation that not all partial derivatives of a function 
at a point can be assigned arbitrarily; indeed, at any point precisely two 
partial derivatives of any given order can be assigned independently. For 
instance, a harmonic function w(z) which vanishes at z = 0 together with its 
(n —1)-st derivatives but with d"u(0) /d2” 54 0 is 


u(z) = Re(2”) mat — n(n — 1) a"-*y?/2 + - Les 


a harmonic function v(z) which vanishes at z — 0 together with its (n —1)-st 
derivatives but with 9%v(0)/01-10y =< 0 is v(z) ==Im(2") =na™"y—'- +. 
The expansion (2) can be interpreted as an interpolation series defined from 
the values of u(z) and the derivatives 0°u/dx” and du"/da™ dy at z == 0; 
the corresponding complete set of orthogonal functions of class H is 
{r® cos n0, r” sin nô}. 

The theory of interpolation for harmonic functions as we have already 
developed it, holds with only minor and obvious changes if partial deriva- 
tives as well as functional values are assigned. For instance if 20(| # | < 1) 
and yv are given, there exists a function w,(2) in H with @uq(%)/de” = 1 
whose norm is least; any function u(z) in H satisfies the equation 
0’ (Zo) /Ox” = 0 when and only when u(z) and wu {z) are orthogonal; we 
have for an arbitrary function u(z) of H 


fou (z) [w(z) —u(z)u(z)/0x ds = 0, 
Puzo) /8 — Í, uo (2) u(z) ds/ f. (up (2) }? ds, 


a formula which corresponds to differentiation of Poisson’s integral under 
the integral sign. The choice u(z) =U,(z), a multiple of Re[ (z—2%)*] 


with @Uo(20) /82 — 1, yields f [us (2) ]° ds — f uo(z)Uo(z)ds. We shall 
C C 


not attempt to derive specific formulas to include all such cases. The set of 
functions (18) with the a not all distinct corresponds to prescription of 
every u(a,) and of suitable successive derivatives 0"u(-a,)/0e" in multiple 
points az. 

If a series of interpolation for harmonic functions is desired, corre- 
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sponding to interpolation in points some of which are counted multiply, it is ` 
necessary to order the points according to increasing multiplicities, so that 
functions ¥,(z) of increasing subscript correspond to derivatives of higher 
order at a point. 

We have chosen (3) as the basis of our definition of norm because of its 
close relation to Poisson’s integral and the Dirichlet problem and to other 
classical results. Several generalizations of our entire discussion can be 
envisaged: a) use of a positive norm function in (38), b) use of surface 
integrals over |z| <1 in (1) and (8) instead of line integrals, and c) con- 
sideration of more general regions, not necessarily simply connected. The 
methods that we have used apply also in these cases; the specific formulas 
are somewhat different, but at least in the simpler cases can be obtained by 
the reader. 
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SUR L’-HOMOLOGIE ET LA COHOMOLOGIE DES GROUPES 
DE LIE COMPACTS CONNEXES.* 


par ARMAND BoREL. 


Introduction. On sait que Vhomologie et la cohomologie à coefficients 
réels des groupes de Lie simples compacts connexes sont complètement connues, 
(voir notamment [7], [10], [16], [17], [18]t). Quant à la cohomologie 
entière ou mod. p, elle a été déterminée pour les groupes classiques seulement, 
tant au point de'vue additif ([8], [9], [16]) que multiplicatif ou même des 
puissances réduites de Steenrod ([3], [4], [6], [15]).2 Nous nous proposons 
ici principalement d’étudier la cohomologie par rapport 4 un corps de carac- 
téristique quelconque des groupes localement isomorphes aux groupes classiques 
et des deux premiers groupes exceptionnels G2, F,; pour Spin(n), G., F, nous 
déterminerons aussi la cohomologie entière et, partiellement, l’algèbre d’hom- 
ologie (le produit étant le produit de Pontrjagin), et les éléments univer- 
sellement transgressifs. 

Ces résultats feront l’objet des 3ème, 4ème, ème parties, qui sont 
précédées de généralités sur le produit de Pontrjagin et d’un théorème de 
transgression dans les espaces universels ; ils seront établis essentiellement par 
Pétude de l’algèbre spectrale de certaines fibrations, les unes de nature générale 
faisant intervenir les espaces classifiants, les autres particulières aux groupes 
étudiés, et en grande partie indépendamment des résultats de I et IT: Les 
Nos. 3 à 6 notamment ne seront utilisés que dans les Nos. 15 et 16. Pour 
pouvoir décrire ces algèbres spectrales et, éventuellement, passer à l’algèbre 
dont Fe est l’algèbre graduée, nous nous appuyerons fréquemment sur des 
résultats de [3], pour la plupart longuement résumés dans [6], et qui ici 
seront supposés connus. Toutefois nous avons rappelé au No. 0 les princi- 
pales notations et au No. 1, avec quelques compléments, toutes les définitions 
et résultats concernant la structure de Palgèbre de cohomologie d’un H-espace. 


* Received October 7, 1958. 
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Le No. 2 établit quelques relations entre le produit de Pontrjagin et 
Valgébre de cohomologie; le No. 3 associe à tout élément ce H;(G,K,) un 
endomorphisme diminuant le degré de s de l’espace de cohomologie H* (G, Kp), 
ou encore de la suite spectrale d’un espace fibré principal de groupe structural 
G; ces opérateurs ont été introduits en caractéristique 0 par J. Leray [12], 
[13]; comme application, nous démontrons un théorème assez général con- 
tenant comme cas particuliers des résultats de J. Leray, H. Samelson relatifs 
aux homomorphismes transposés des applications Œ — G/U, U — G, (U sous- 
groupe de @). | 

Dans IT nous montrons que si Palgèbre de cohomologie H*(Ba, Kp) d’un 
espace classifiant pour G est une algèbre de polynômes, alors H*(G, Kp) 
possède un système simple de générateurs universellement transgressifs ; c’est 
donc, grosso modo, une réciproque aux résultats du $ 19 de [3]. 

On sait que les centres des groupes classiques SU (n), Sp(n), SO(2n), 
SO(2n + 1),? sont cycliques à respectivement n, 2, 2, 1 éléments. Dans la 
3ème partie, nous nous occupons des quotients de ces groupes par leurs centres 
(ou dans le premier cas par un sous-groupe du centre), autrement dit des 
groupes projectifs unitaires PU(n), PSp(n), PSO(2n). Auparavant, nous 
étudions plus généralement au No. 10 la cohomologie mod. p du quotient de 
G par un sous-groupe cyclique Zm, (m = 0 mod. p), à laide de Valgébre 
spectrale des revêtements réguliers, sur laquelle on peut donner des renseigne- 
ments très précis lorsque H*(G, Kp) possède un système simple de générateurs 
universellement transgressifs. 

IV est consacrée au revêtement universel, à deux feuillets, du groupe ortho- 
gonal SO(n), le groupe des spineurs Spin(n). L'essentiel est ici la cohom- 
ologie mod 2 et nous calculons H*(Spin(n),Z,) au No. 13, par l'intermédiaire 
de l’algèbre spectrale de la fibration Spin(n)/S;, =F n,n; en particulier, 
Spin(n) a de la 2-torsion si et seulement si n = Y, et son polynôme de Poin- 
caré mod 2 s’obtient à partir de (1 + (1 + £) - - - (1 + #1) en y remplacant 
(1+ >): (1 + t) par (1 + 4%#%-1) toutes les fois que k est une puissance de 
deux; le No. 14 montrera que les coefficients de torsion de Spin(n), (n = 7), 
sont tous égaux à deux. Nous étudions ensuite aux Nos. 15, 16 les éléments 
universellement transgressifs et le produit de Pontrjagin mod 2 de Spin(n) ; 
malgré les calculs assez longs et fastidieux auxquels on est ainsi conduit, il 
nous a semblé qu’il valait la peine d’insister sur ces points où le comportement 


2 Voir le No. 0 pour les notations, 
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de Spin(n), (n = 10), paraît quelque peu exceptionnel; en effet, tandis que 
pour G=U(n), SU(n), Spin), SO(n), Ga, Fa, Valgèbre H* (G, Za) est 
engendrée par des éléments universellement transgressifs, et que H(G, Ze) 
est commutative, on constatera que Spin(n) ne possède aucune de ces deux 
propriétés pour n = 10. 

L’étude des deux premiers groupes exceptionnels est faite dans V. Celle de 
G, très simple, utilise les deux fibrations G/S; = V,, et Spin(?)/G.—S;; 
on trouve notamment que les coefficients de torsion de G, sont tous égaux à 
deux. Pour F, nous nous servirons des fibrations déduites des inclusions 
F, D Spin(9) > Spin(8) D T* et F, D Spin(9) D Spin(7) > G; un point 
important est le fait que le groupe des permutations de trois objets opère 
fidèlement sur H*(F,/Spin(8),Z), trivialement sur H*(F,, Z) et commute 
avec Phomomorphisme naturel du premier groupe dans le second; c’est ce qui 
nous permettra de voir que F, n’a pas de p-torsion pour p > 8. Par contre 
les valeurs de H* (Fa, Z3) et de H* (F4, Z2), (Nos. 21-22), montreront que F, 
a de la 2- et de la 3-torsion; on vérifiera enfin (No. 23) que ses coefficients 
de torsion sont égaux 4 2, 3 ou 6. ` 

Pour conclure cette vue d'ensemble des résultats acquis sur les groupes 
de Lie simples compacts connexes, signalons que l’on ne sait rien sur la torsion 
des trois derniers groupes exceptionnels, mis à part le fait que Es a de la 
2-torsion [5]. 

Les principaux résultats de ce travail ont été résumés dans une Note aux 
Proc. Nat. Acad. Sci. U. S. A. 39 (1953), pp. 1142-1146. Une partie d’entre 
eux avait été antérieurement annoncée aux Comptes Rendus [2]. 
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0. Préliminaires; principales notations. 


0.1. Algèbre. p désignera toujours soit un nombre premier soit zéro, . 
K, un corps de caractéristique p, Zp, (p #0), le corps des entiers mod. p, 
Zo celui des rationnels. | 

Tors. A est le sous-groupe des éléments d’ordre fini du groupe abélien A, 
Tors.,AÀ sa composante p-primaire; (U) dénotera lidéal bilatère engendré 
par une partie U d’une algèbre V. 

L’algèbre extérieure d’un espace vectoriel sur un corps que le contexte pré- 
cisera (ou d’un groupe abélien libre) P est notée AP ou encore A\(%, : * ,&m), 
si (t:) est une base de P, et AP est bien entendu le sous-espace (sous-groupe) 
engendré par les produits extérieurs de 7 éléments de P. 


Soient H une algèbre unitaire, 2:,: * :,æ, des éléments de H, et P le 
sous-espace qu’ils engendrent. On notera Az, : ::,æn) ou AP le sous-espace 
engendré par 1 et par les monômes %,: ` `Z (n° '*°<ujlSk=m), 


lorsque ces monémes sont linéairement indépendants, (vow la définition de 
système simple de générateurs au No. 1). 


0.2. Homologie et cohomologie.. H,(X,1), (resp. H*(X,T)), ième 
groupe d’homologie, (resp. de cohomologie) de X, relativement à r; H(X, T), 
(resp. H*(X,T)), somme directe des H, (resp. Hi), (X sera toujours un 
polyédre connexe fini ou éventuellement localement fini 4 homologie de type 
fini). 

Da est le degré de élément homogène x, Pp(X, t) le polynôme (ou la 
' série) de Poincaré de X pour la cohomologie à coefficients dans K,: 


P,(X, t) = Sie dim. H! (X, Kp) t’; 


enfin, on dira que XY a de la p-torsion (p40) si Tors. ,H* (X, Z) 0; par 
convention, X est toujours sans 0-torsion. 


0.3. Algèbre spectrale des espaces fibrés. Le système formé d’un 
espace F fibré de base B et de fibre typique F est noté (E, B, F) ou (E, B, F, q), 
q étant la projection de # sur B. Dans son algèbre spectrale (#,) on a donc, 
sous des hypothèses convenables, toujours vérifiées dans ce travail, 


Este H: (B, Ht(F,T)),? (T, anneau de coefficients), 


3 Plus précisément H#, est, comme on sait, l'algèbre de cohomologie de B à coefficients 
' dans le système local formé par les algèbres de cohomologie des ‘fibres; dans tous les cas 
considérés dans ce travail, ce système sera simple, presque toujours soit parce que B est 
simplement connexe, soit parce que le groupe structural de la fibration est connexe. 


Ra 
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et E» est l’algèbre graduée associée à H*(Æ,T) convenablement filtrée; s, t, 
s + ¢ sont respectivement le degré-base, le degré-fibre et le degré total et sont 
notés DB, DF, D. 

nH, est la somme directe des #,%', (s + t= n). 

kr’ est la projection canonique des d,-cocycles de E, sur Hy, et 
Kg? == Ky 10+ + +O kaa, (@ < b), est la projection sur E, des éléments de Fa 
vérifiant dts =0 (a=r< Bb). 

_ [Ts = idéal des éléments de filtration =s dans H*(E,T); on pose 
Jet Js N Hstt(H,T), par conséquent Est = fst /fsttt-t, 

On sait que Æ,5°, (resp. B,>*), s’identifie à un quotient, (resp. à un 
sous-module), de H? (B, T), (resp. de H‘(F,T)). 

La transgression admet plusieurs définitions équivalentes ([3], § 5) ; ici, 
nous n’utiliserons que la définition “ spectrale ” : ce H’ (F, T) est transgressif 
si et seulement si il fait partie de 4.,°t, et la transgression est en dimension t, 
Vhomomorphisme Ept —> Ent? défini par la différentielle dn de Hes. 

Nous utiliserons sans commentaire toutes les propriétés usuelles de 
lPalgèbre spectrale (voir par exemple [3], § 4). 


0.4 Espaces universels et espaces classifiants. Soit G un groupe de 
Lie compact. Un espace universel, (resp. classifiant), pour G sera noté Eg, 
(resp. Bg). 

L’algèbre spectrale universelle pour G est Valgébre spectrale de la fibra- 
tion (Ee, Be, G); on a donc E, = H* (Be, H*(G,T)) et Es est triviale, 
(ie. E =T, Fott =0 pour s +4 > 0). 

xe Ht(G,T) est universellement transgressif s’il est transgressif dans EG; 
il l’est alors dans une large classe d’espaces fibrés principaux de groupe 
structural G, ([3], § 18). 


Remarque. En fait, on définit tout d’abord classiquement des espaces 
En, G) et B(n, G) universel ou classifiant pour G et pour la dimension n 
qui devrait en principe figurer plus haut. Cependant on peut en toute rigueur 
aisément éviter de mentionner ce n (qui quoi qu’il en soit peut être supposé 
arbitrairement grand) par un passage à la limite convenable ; par exemple on 
peut définir des espaces universel ou classifiant pour G et pour tout n comme 
limite inductive d’une suite convenable d’espaces E (n, G) ou B(n, ©), ([6], 
No. 1) ; l’algèbre spectrale universelle et celle des fibrations rappelées en 0. 6 
sont alors prises en cohomologie singulière ou d’Alexander-Spanier à supports 
fermés quelconques. On peut aussi directement passer à la limite sur les 
algèbres de cohomologie et les algèbres spectrales comme cela est fait dans 
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[3], §18 et 22. L’algèbre spectrale universelle sera alors par définition 
une algèbre spectrale (H,), (r= 2), qui pour tout n est isomorphe pour 
D < n— dim G avec l’algèbre spectrale d’une fibration (E(n, @), (Bin, G), @); 
cette définition est licite car si E’ (n, Œ) est un deuxième espace universel 
pour G et pour n, de base B’(n, G), le diagramme (18.3) de [3], écrit pour 
E et E montre non seulement que H*(B(n, G), E) et H*(B’(n, G), T) sont 
canoniquement isomorphes jusqu’à n, mais encore, vu [3], § 4d, que les 
algébres spectrales de (E (n, G), B(n, G), G) et de (H’(n, G), B’(n, G), G) 
sont canoniquement isomorphes pour D < n — dim G. 


0.5. L’homomorphisme o*(U,G). Si U est un sous-groupe fermé de 
G, Hq est aussi universel pour U, d’où une application p(U, G): Ea/U 
= By Ea/G = Be; elle définit un homomorphisme p*(U, G) : H*(Be,T) 
— H*(By,T) qui sera désigné par p*,(U, G) lorsque T = K}. 

En fait, on peut faire correspondre une application p(f) : By —> Ba à tout 
homomorphisme f: U -> @, ([6], No. 1), mais nous n’aurons pas besoin de 
cette généralisation. 


0.6. Quelques fibrations. 


(a) Si (4, Y,U, q) est un espace fibré principal à groupe structural U 
de Lie compact, il existe une fibration dans laquelle l’espace a même homologie 
que F, la fibre type est X et la base est By, (13], Théorème 22.1); par abus 
de langage, nous parlerons de la fibration (Y,By,X,r); bien entendu, 
Vhomomorphisme 1* déduit de l’inclusion d’une fibre n’est autre que q*, et rë 
est l’homomorphisme caractéristique de la fibration donnée. 

Dans le cas où U est discret, la suite spectrale de cette fibration est tout 
a fait analogue (et probablement isomorphe) 4 la suite spectrale des revéte- 
ments finis réguliers de H. Cartan-J. Leray. 


(b) Si U est un sous-groupe fermé de G, la projection p(U, G) donne 
lieu à une fibration (By, Bg, G/U, p(U, G)). 


(c) Si U est invariant dans G, il existe une fibration dans laquelle 
l’espace a l’homologie de Ba, la base et la fibre type sont respectivement Bg y 
et By, ([8], Prop. 22. 2, ou [6], No. 1) ; ici encore on parlera de la fibration 
(Be, Bevo, By). L’homomorphisme i* de cette fibration est p*(U, G). 


.0.7. Groupes de Lie simples compacts connexes. Les différentes struc- 
tures de groupes de Lie simples compacts connexes se notent classiquement 
A, (i = 1), B, (l = 2); Cr (= 3), D; (i = 4), G, F,, Es, E,, FE. Chacun 
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de ces symboles représente une classe de groupes ayant des algébres de Lie 
isomorphes; les quatre premiéres, les structures classiques, ont chacune un 
représentant linéaire bien connu, soit: 


pour A: SU (L + 1) == groupe unitaire unimodulaire de 7 + 1 variables 
complexes. v 


pour Cı: Sp(l) — groupe unitaire de } variables quaternioniennes. 


. pour B, resp. Dı: SO(21 + 1), (resp. SO (21) ), groupe orthogonal uni- 
modulaire de 2} -+ 1, (resp. 21), variables réelles. 


Les quotients de SU (n), Sp(n), SO (2n), par leurs centres, qui sont 
cycliques à resp. n, 2, 2 éléments, sont notés PU (n), PSp(n), PSO (Rn). 
Les groupes SU (n) et Sp(n) sont simplement connexes, tandis que SO(n), 
(n = 8), admet un revêtement simplement connexe 4 deux feuillets, le groupe 
Spin(n), dont le centre est cyclique d’ordre 2 pour n impair, d’ordre 4 pour 
n= 2m, m impair, et isomorphe à Z, + Z, quand n est un multiple de 4, 
(voir E. Cartan, Annali di Matematica, t. 4 (1927), pp. 209-256). 

Les représentants simplement connexes des structures exceptionnelles G, 
Fa, Ey, E, E, ont des centres cycliques d’ordres respectifs 1, 1, 3, 2, 1, 
(E. Cartan, loc. cit.) ; en particulier il n’y a, à un isomorphisme près, qu'un 
groupe de structure Ge, (resp. Fa, resp. Es), que nous désignerons par le même 
symbole. 


I. Le produit de Pontrjagin. 


1. Cohomologie d’un H-espace. Dans la définition suivante, H est une 
algèbre de dimension finie sur un corps Kp, graduée par des sous-espaces H*, 
(k= 0), anticommutative (i.e. a'b = (—1)*b-a,aeH*,be Ht), munie 
d’un élément neutre engendrant He. 

La hauteur de ze H est l’entier h tel que #10, x = 0; elle vaut 
toujours deux lorsque Dx est impair et que p 2. 


DÉFINITION 1.1. Soient J = (x), 1 Si1Sm, Dr S De; si i& j), 
un système de générateurs homogènes de H, et s, la hauteur de zi. 


(a) J est de type (M) s'il est minimal et si są est au plus égale à la 
hauteur de toute élément de la forme ty + P(ai,: ` *, 2ra), où P est un 
polynôme (1=k=m). 


(b) J est g-semi-libre, (q nul ou premier), si les monômes 
aime + + Ly", (0 Sri < si), forment une base d’espace vectoriel de F, 
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et si de plus Dz; est impair pour q = 0, s; est une puissance de q pour g = 2 
ou bien g s4 0, Da; pair. Les monômes précédents seront les monômes basiques 
associés à J. 


 (c) J est g-simple si les monômes minime. + + tit, (4 + <L te; 
1£<k<m,0< r <q pour Dz, pair et q ~ 0, rı = 0, 1 sinon), forment avec 
1 une base d’espace vectoriel de H ; ces monémes seront les monémes basiques 
associés à J. Un élément ze H sera dit décomposable relativement à J Si. 
est somme de mondmes basiques qui sont produits d’au moins deux s 


Au lieu de 2-simple ou 0-simple, nous dirons en général simple, con- 
formément à la définition 6.4 de [3]. On peut bien entendu étendre ces 
définitions aux algébres H de type fini, avec quelques légères modifications, 
(cf. [8], Définitions 6. 1, 6.2). Certaines d’entre elles équivalent à la notion 
d’algèbre extérieure et ne sont introduites que pour simplifier certains énoncés. 

Il est clair que si J est g-semi-libre, les éléments x; forment avec leurs 
puissances non nulles d’exposants gq, qg7,q°,--° un système g-simple de 
générateurs, le système q-simple associé à J. 

Si un système g-simple possède æ générateurs de degrés impairs 
M1," © ‘> Ma et b générateurs de degrés pairs mn, ', np le polynôme de 
Poincaré de H est: 


jag į=b 
P(E, = TE G to -TEG e pt o aam), (q0) 
ga j= 
(1.2) l 
: ère j=b 
PE, t)—= ILa + TG +2), (0—0), 
= 3= 
et il est clair que tout système g-simple de générateurs possède a éléments de 
degrés Ma, M2,° °°, Ma et b éléments de degrés nı,’ > -, na et enfin que 
dim H = 20.0? (q4 40) 
(1.3) 
dim H == 2e+b (g — 0). 
On a vu dans [8], (Théorème 6.1 et No. 7): 


1.4. Soit X un H-espace * qui soit un polyèdre fini connexe. Alors tout 
système de type (M) de générateurs de H*(X, Kp) est p-semi-libre. 


En particulier, H*(X,K,) possède toujours un système p-semi-libre de 


générateurs. 


4 C’est à dire un espace muni d’un produit tel que Jes translations à gauche et à 
droite induisent des automorphismes de la cohomologie. 
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1.5. H*(X, Kp) est l'algèbre extérieure d’un sous-espace gradué par des 
degrés impairs lorsque l’une des conditions suivantes est remplie; 


(a). p2 et H*(X,K,) a un système simple de générateurs ([31, 
Prop. 6. 1b). 


(b). p42 et dim H*(X, Kp) est une puissance de deux. 
4= 

(c). p—2 et P,.(X, t) = IT (1 + i), (ni impair, 1 S1 S m). 
i=l 

(d). X est sans p-torsion ([3], Prop. 7. 2.).5 


Vu (1.8), (a) et (b) sont équivalents, il nous reste donc 4 établir (c). 
Soit J = (y), (131k), un système 2-semi-libre de générateurs de 
H* (X, Ke); le système simple associé J’ est d’après Phypothése formé de m 
éléments de degrés n; impairs; il ne peut donc contenir d’élément de la forme 
H°Y: ce qui implique que H'Y=—0, (1 Stk); ainsi J’ est égal à J, ne 
comprend que des éléments de degrés impairs et de carrés nuls, et engendre 
bien une algébre extérieure. 


1.6. Soit X un H-espace qui soit un polyédre fini connexe. Alors si X 
est sans torsion, H*(X,Z) est l'algèbre extérieure d’un sous-groupe abélien 
libre gradué par des degrés impairs ([3], Prop. 7. 3.). 


Remarques. 


1.7. Les propriétés 1.5 (a), (b), (c) sont en fait valables pour toute 
algèbre de Hopf, (au sens de [3], Définition 6. 2) sur un corps parfait puisque 
(1.4) vaut sous cette hypothèse, ([3], Théorème 6.1). 


1.8. En utilisant (1.2) et (1.3), on obtient aisément la généralisation 
suivante de (1.5b): Soit p42. Si H*(X,K,) possède un système g-simple 
de générateurs, (g Æ p), alors c’est l’algèbre extérieure d’un sous-espace 
gradué par des degrés impairs. 


1.9. Les définitions précédentes s’étendent aisément à des algèbres quel- 
conques; par exemple: 


DÉFINITION. Soit H une algèbre unitaire sur un anneau À. L'ensemble 
(ti), (me ,rel, I ensemble totalement ordonné) est un système simple 
de générateurs de H si ce dermer est la somme directe faible des sous-modules 


ë Signalons à ce propos une légère erreur de [3]: La réciproque partielle à la Prop. 
7.2, énoncée dans démonstration en remarque, p. 143, est valable sous l’hypothèse 
H(X, K,) = 0, et non pas seulement Tors. ,H°(X, Z) —0. 
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monogènes engendrés par 1 et par les monômes Tuy’ "tn (li L` ' <t; 
k — 1, 2, : g “j 


2. Le produit de Pontrjagin. Soit X un H-espace. Le produit h: 
XX X—X définit un homomorphisme h, (compatible avec les degrés 
totaux), de Ha (X, Kp) 8 H(X, K,) dans Hy (X, Kp); l'élément h(a 8b), 
le produit de Pontrjagin de a et b sera noté ayb. Ce produit ajoute les 
degrés, est distributif, est associatif si A Pest, possède un élément neutre 
engendrant Hy si h a un élément neutre. 

Nous noterons < , > la forme bilinéaire canonique sur le produit d’un 
espace vectoriel et de son dual; on sait que H* et H, sont en dualité de méme 
que H* © H* et Ha Hy et que 


(2. 1) <T O y, UD vy = CH, UDCY, VD 5 

Tautre part h* et ha sont transposés Pun de Pautre, ce qui signifie: 
(2. 2) <h* (£), a @ by = <z, avy by. 

Un élément homogène v e H*(X, Kp) est dit primitif si 

(2.3) h* (£) =1891 + 18r, 


ce qui équivaut visiblement à dire que æ est orthogonal aux éléments 
décomposables de H(X, Kp); cette formule permet aussi de définir les 
éléments primitifs de la cohomologie relativement à un anneau principal 
A, car H*(X,A) @H*(X, A) est toujours canoniquement contenue dans 
H*(X X Z,A). — 


DÉFINITION 2.4. Soit 0 Vautomorphisme de H* (X, Kp) @ H* (X, Kp) 
qui transforme x © y en (—1) y@a, (Dr = s, Dy = t) ; nous dirons que 
h* est symétrique si 00 h* = h*. 


PROPOSITION 2.5. Le produit de Pontrjagin est anticommutatif si et 
seulement si h* est symétrique. 


Démonstration immédiate : uyv = (— 1)*v yu pour tout ue H,(X, Kp), 
ve H(X, Kp) équivaut à 


<T, uy V = <a, (— 1) wy uy pour tout u,v et ae H(X, Kp) 


c’est à dire à 


<h* (2), u B vy = <h* (a), (~1)#v Q uy 
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ou encore, puisqu’évidemment : 


<O-h* (2), u B v> = <h* (2), (—1)%v @ uy, 


D 


<0 o h* (2), u@ vy = <h*(x),u @ vy pour .u, v, x quelconques donc à 
0 o h* = h*, | 


Remarques. 


2.6. La démonstration prouve plus précisément que u y v = (— 1)s4u yu 
pour tout we H,, ve H; si et seulement si h* est symétrique sur les éléments 
de degré s+ t. 


2.7. h* est en particulier symétrique si H*(X, Kp) possède un système 
de générateurs primitifs. 

PROPOSITION 2.8. Les deux conditions suivantes sont équivalentes. 

(a). H*(X, Kp), (resp. H*(X,Z) est sans torsion et), a un système 
simple de générateurs primitifs. 

(b). H(X, Kp), (resp. Ha (X, Z)), est anticommutative et est Valgébre 
extérieure d'un sous-espace, gradué par des degrés impairs si p 5&2, (resp. 
Wun sous-groupe abélien libre gradué par des degrés impairs). | 

(a) entraine (b). Soit (x), (1 Si S m), un système simple de primi- 
tifs; les éléments 

TCin t2 t, ty) = Ey Dis Tips a<: <w1£<kEM), 
forment avec 1 une base additive de H* (X, Kp); soit (v(t- - ‘)) la base 
duale, v(%,° - - 1x) correspondant bien entendu à ¢(%,- > ', 4) ; nous voulons 
montrer que v(t) V v(t) = 0 et que vi, * * ,ix) = 0 (h) Vo + Vair) 
ce qui établira (b). Par hypothèse, les x; sont primitifs, done 
(2. 9) h” (Ti we Tip) T Zu... <a Cory... ds Toi ie Ta; © Taja ni La, 
{%1,°* +, a} étant une partie ordonnée de {t1,- © -, tx}, {@j1,° © *, ax} son 
complément ordonné, et ¢g,...2, le nombre d’inversions de la suite {a1,- - +, %, 
Gin’ *,>%$. On en déduit immédiatement que v(t). V v(t) et, par récur- 
rence sur k, que ¥(t%,° °°, %)—v(t) V: V v(t) sont orthogonaux à 
H* (X, Kp), d’où les égalités annoncées. 

Même démonstration pour les coefficients entiers. 


(b) entraîne (a). Soit (v;) une base homogène d’un sous-espace dont 
H(X, Kp) est l’algèbre extérieure; les éléments 


Vas ot) =V VV Vins (aLe Lil SE kS m) 
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forment avec 1 une base additive de H,,(X, Kp), et comme v; V v; = 0 pour 
tout i, les produits d’au moins deux v; engendrent le sous-espace des éléments 
décomposables de H(X, Kp). Soit (a(i:,---,%,)) la base duale; les éléments 
z; = æ(i) sont orthogonaux aux éléments décomposables de H,.(X, Kp), donc 
primitifs, et vérifient de nouveau (2.9); cela permet de prouver par récur- 
rence sur k que s(t: ° °, tr) —@(h)* * -æ(w) est orthogonal à H,,(X, Kp), 
done que @(t,,° - °, t) =#(ü):: a(i); ainsi (+) est un système simple 
de générateurs primitifs. 


Même démonstration pour les coefficients entiers. 


Remarque. Nous dirons que les systèmes (a;) et (v;) de la démonstration 
précédente sont en dualité. 


2.10. Conditions suffisantes pour Vexistence d’un système simple de 
générateurs primitifs. 


(a) Si le produit est associatif, il suffit que H*(X, Kp), (resp. H*(X, ZY) 
soit l’algèbre extérieure d’un sous-espace (resp. d’un sous-groupe abélien libre) 
gradué par des degrés impairs. L’existence d’un système de primitifs est alors 
assurée par le théorème de Samelson ([17], ou [11], pp. 183-134) ; en fait le 
théorème n’y est formulé qu’en caractéristique zéro, mais la démonstration de 
Leray vaut sans changement en caractéristique quelconque, et même pour les 
coefficients entiers. 


(b) La condition (a) est en particulier remplie lorsque X est sans p- 
torsion, (resp. sans torsion), d’après 1.5(d) et 1.6; comme un polyèdre fini 
ne peut avoir de p-torsion que pour un nombre fini de p, cela montre que, sauf 
éventuellement pour un nombre fini de p, H,,(X, K,) est une algèbre extérieure 
anticommutative. | 


(c) Soit X = G un groupe de Lie compact connexe. Il suffit que 
H*(X, Kp) (resp. H*(X,Z) soit sans torsion et) possède un système simple 
de générateurs universellement transgressifs, puisque ces éléments sont primi- 
tifs, [8], Proposition 20.1). Cette condition est toujours vérifiée si (a) 
Vest, ([3], Théorème 19.1) et en fait lui est équivalente en caractéristique 
différente de deux (resp. sur Z). En caractéristique deux cependant elle vaut 
dans d’autres cas (voir Nos. 8, 17, 22), qui ne semblent pas justiciables d’une 
démonstration algébrique analogue à celle du Théorème de Samelson, mais 
elle n’est pas toujours réalisée (voir Nos. 15, 16). 


Nous nous sommes bornés à formuler 2. 8 dans un cas simple, le seul utile 
dans la suite. Indiquons cependant qu’elle admet la généralisation suivante: 
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Propvosition 2.11. Les deux conditions suivantes sont équivalentes : 
(a) H*(X,K,) a un système p-simple de m générateurs primitifs (ti). 
(b) H(X, Kp) est anticommutative et possède un système p-semi-libre 


de m générateurs (v), (Dv, = Dz;), la hauteur de v, étant égale à p si Du 
est pair, à deux sinon. 


4 


Démonstration tout à fait analogue à celle de (2.8), et que nous ne 
détaillerons pas. On s’appuyera sur le fait que si x est primitif de degré pair 


(2.12) <an, uty = nl (<2, >)", 


(démonstration par récurrence sur n immédiate) ; on utilisera (2.9) lorsque 
les a sont de degrés impairs, que l’on complétera par l'égalité suivante, où 
Y1° °° yı sont des primitifs de degrés pairs 


r f 
(2. 13) hh (y vine yi") = ours (a) LEE (a) y yf & Yi ee guet, 


PROPOSITION 2.14. Soit J = (x), (1S1 S< m), un système p-simple, 
(resp. simple), de générateurs de H*(X,K,) dans lequel x; est de degré 
impair pour t = k, de degré pair pour k +1711, primitif pour isis 
iskslsm). 

Un élément x40, décomposable relativement à J, combinaison linéaire 
de monômes basiques dans lesquels n'interviennent que zı, - - ,a n’est pas 
primitif. 

Soient yp (15S 1S n), les monômes basiques associés à J qui sont pro- 
duits des z, (1=7j<1). Les monômes yy = D yp, (1Z<i,j<n) sont 
donc linéairement indépendants, et vu, (2.9) et (2.13), h“*(x) en est une 
combinaison linéaire ; supposons que le monôme 


eit + 404,72" . Tr 
er LUELLA ELLS n< ps Ht), 


ait le coefficient c s4 0 dans v; on déduit alors de (2.9) et (2. 18) que h* (s) 
contient 


Ta Uy, Olt + Tf © ay, 
avec le coefficient c si s Æ 1 et qu’il contient 


Us a , s « 
04,7 Lja? Ti Pi @ Ti 





avec le coefficient r,-c si s = 0, et h*(x) n’est pas primitif; démonstration 
analogue dans le cas du système simple. 
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COROLLAIRE 2.15. Soit J == (zı) un système p-simple, ou simple, de 
générateurs primitifs de H*(X, Kp). Alors tout primitif est une combinaison 
linéaire des Ti 


Si J = (x) est un système p-simple, ou simple, il n’y a pas de raison en 
général pour qu’une nouvelle base de l’espace sous-tendu par les z; soit encore 
un système p-simple, ou simple; cependant: 


PROPOSITION 2.16. Soient J = (x;) un système p-simple, (resp. simple), 
de générateurs primitifs de H*(X, Kp), P l’espace sous-tendu par les x. Alors 
toute base (y:) de P est un système p-simple, (resp. simple), de générateurs 
de H*(X, Kp). 


Si p 42 et si J est simple, H*(X, Kp) s’identifie à l’algèbre extérieure de P, 
la démonstration est immédiate et bien connue. Il reste donc à examiner le 
cas du système p-simple pour p = 0. 

Si pÆR et Dy, est impair, y;°y; = 0; sinon, comme on calcule mod. p, 
l’élément y? sera aussi primitif, donc combinaison linéaire des x; ou des y; vu 
(2.15) ; il en résulte immédiatement que tout monôme basique associé à J 
est combinaison linéaire de monômes de la même forme écrits à Paide des 7; 
ces derniers, dont le nombre est égal à celui des monômes basiques de J, sont 
donc forcément linéairement indépendants, et forment avec 1 une base de 
H*(X, Kp); ainsi (y:) est un système p-simple de générateurs. 


Remarques. 


2.17. Si X= G est un groupe de Lie compact connexe, tout élément 
universellement transgressif est primitif, les Propositions 2.14, 2.15, 2.16 
restent donc valables si on y remplace primitif par universellement transgressif. 


2. 18. Bien entendu, les résultats (2.8) à (2.16) et leur démonstration 
subsistent sans changement pour H*(X,K,) ou H*(X,Z\ de type fini. 


3. Opérateurs sur la cohomologie d’un espace fibré principal définis 
par l’homologie du groupe structural. Soient G un groupe de Lie compact 
connexe opérant sur deux espaces X, Y, et f: X —> Y une application continue 
commutant à G. Leray, ([12], [13]), a indiqué que l’on pouvait faire opérer 
H(G, Ko) sur H*(X, Ko) et H*(Y, Ki) et sur Valgébre spectrale de f. Nous 
utiliserons ces opérations au No. 16, aussi voulons-nous en donner ici la 
définition et les principales propriétés en caractéristique quelconque. 


8.1. Soient A et B deux espaces vectoriels sur K,, B le dual de B; on 
vérifie aisément que si l’on pose o,(4 © b) = <b, uya, (ae A, be B, ue), 
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on fait correspondre à u un homomorphisme o, de À @ B dans A. Si de plus 
h* est un homomorphisme de A dans A @ B on en déduit un endomorphisme 
Du, = hë oo, de A; on notera 2-3}, l’image de x par vy. 


8.8. Soient Æ un espace sur lequel G opère, £: E X G— E Vapplication 
ainsi définie; on a 
H*(E X G, Kp) = H*(H, K,) 8 H* (G, Kp) 


et nous appliquons 8. 1 au cas A = H* (E, Kp), B= H* (G, Kp) et h* = f*; 
autrement dit, si 


Er) = 2c B yao (v, ue H* (E, Ky), ye H* (G, K;)), 
on pose 
T Üu == Ki UTi; 
Comme 
H, (E X G, Kp) = H, (F, Kp) © H,.(G, Kp) 


É, définit un accouplement de Ha (E, Kp), H(G, Kp) à Ha (E, Kp), que Pon 
peut aussi appeler le produit de Pontrjagin, par 


tyv = b (e O v), (ve A, (E, Kp), v e H(G, K5)), 
et il est clair que #, est le transposé du produit de Pontrjagin, c’est à dire que 
<a Vu, V> = lr, v\/u> pour tout ve H.(E,K,). 
‘Ces opérateurs ont les propriétés suivantes: 


(a) Soit Du—s; Ÿ, est un homomorphisme de H*(H,K,) dans 
HFS(E, Kp) pour tout k. 


(b) do— 0; d: est lidentité; Pou = abu + bd, (a, b e Kp). 
(c) Du © dy = Du- y. 


' (d) Soient X, Y deux espaces sur lesquels G opère, f: X >Y une 
application commutant à G. Alors f* o d, — 0, 0 f* pour tout u e H(G, Kp). 


(e) Soit weH,(G,K,) orthogonal aux éléments décomposables de 
H*(G@, Kp) et soient +, y homogènes e H*(E,K,). Alors 


(ory) Dy = T (y Vu) + (— 1) P(t Oy) y- 


(a) et (b) sont clairs; (c) résulte par un calcul facile de la commutativité 
du diagramme 
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qui exprime légalité (e-g)-g’ = e: (gg); la propriété (d) se déduit de la 
commutativité du diagramme 

Yx G—Èz,y 
(8.21) f4 id. 

F x CG cats ty 


‘Enfin (e) est une conséquence immédiate de la définition, de Pégalité 
f* (a-y) == f*(x)-f¥(y) et du fait que, vu l’existence d’un élément neutre 
dans G, on a, pour tout « homogène e H*(H, Kp): 


fF (£) =s Q 1 -+ Ir; @ a, (me H*(#, Kp), me H*(G, Ko), 0 < Du < De). 
8.3. Soit maintenant (#,B,G,q) un espace fibré principal connexe, 


disons compact; G opère sur Ẹ, en laissant chaque fibre invariante, d’où un 
diagramme commutatif: , 


EX G nn E 
(3. 31) tg 44 
B —id,p 
¢* définit un homomorphisme de l’algèbre spectrale (H,) de (FE, B, G, q) dans 
celle de (E X G, B, G X G, q), soit (H’-); du reste £* est biunivoque, 
EH’, = E (E) © H* (G, Kp) = E, H* (G, Kp), (r= 2), 


la différentielle d’, de FB’, est égale à d, sur ¢*(H,), nulle sur 1@ H* (G, Kp), 
voir [3], lemme 20.1, dont la démonstration montre de plus que 


Pts et OQ Hi(G, Ky). 


En Bam A = E, B = 6 *(G,K,), h* = €*, on définit selon 3. 1, un endo- 
morphisme additif Ÿ, de H,, pour tout r = 2, qui a les propriétés suivantes: 


(a). Ÿ, est un homomorphisme de Z,/* dans E,f#-s, | 
(we H(G, Kp) r = 2). 
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(b). do = 0; DA — 1d:; unda = at, + bd, (a, b € Ky). 
(e). Dy © Vo = Puo 
, (d) - Va 0 dr = dp O Dy et By O Krar” = kra” O Oy. 


(e). Sur E, on a (b@zx)' 4, =b @ (x-a), 
(be H* (B, Kp), ce H* (G, Kp) )- 


(£). ð, laisse invariants les idéaux J* qui définissent la filtration de 
H*(E, K,), et le diagramme suivant est commutatif. 


Jik Va > Jj irk-s 


LT la (m projection canonique). 
Hi _ Vu. Hits 


La propriété (f) provient du fait que pour définir (Z,) et (Æ£”,) on filtre des 
couvertures fines bien choisies de Æ et E X G par le degré en les cochaînes 
de base, (voir par ex. [3], $ 4, pour la définition précise), qui n’est pas altéré 
par le transposé de £; la propriété (e) résulte de Pégalité £*(b © x) = b © h*(z) 
qui exprime que £ est l’identité sur B et que sa restriction à une fibre G X G 
est le produit, (voir [3], démonstration du lemme 20. 1) ; les autres propriétés 
sont immédiates. 


3.4. En utilisant le diagramme (3.21) au leu de (8.31) on pourrait 
aussi faire opérer H,,(G, Kp) sur l’algèbre spectrale de f; on obtiendrait ainsi 
les opérateurs du No. 3 de [18], sur lesquels nous n’insisterons pas. Le cas 
traité ici au No. 3.3 correspond au No. 4 de [13]. | 


3.5. Applications. Nous considérerons ici la situation du diagramme 
(3.21) dans le cas particulier X = G, application fx == h étant bien entendu 
celle qui définit le produit de G. 


THEOREME 3.6. Soient Y un espace sur lequel G opère, f: G— Y une 
application commutant à G, (opérant sur lui-même par les translations à 
- droite). St H*(G,K,) possède un système simple de primitifs, alors 
f* (H*(¥, K;)) est engendrée par des primitifs. 


En effet, vu 3.2(c), l’image de f* est stable par rapport aux opérateurs 
v, de H*(G, Kp); il suffit done de voir que toute“sous-algébre de H*(G, Kp) 
stable par rapport aux #,, (u parcourant H(G, K,)), est engendrée par des 
primitifs, ce qui est élémentaire et laissé au lecteur. 


THEOREME 3.7. On conserve les hypothèses de 3.6 en supposant de plus 
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que p42.° Alors H*(Y, Kp) — À @ AP’, où A est une sous-algèbre annulés 
par f* et où AP’ est une sous-algèbre que f* applique biunivoquement dans 
H*(G, Kp) 


Soient £1, * © ‘,2, une base de P dont les k premiers éléments engendrent 
l’image de f*, (Dr; = De; si tj Sk); nous désignons par (w) la base 
duale et écrivons ð; pour %,; les opérateurs #; engendrent une algèbre 
extérieure, en particulier nous noterons AW Valgébre extérieure de Di, - +, Dy. 
La démonstration de 3. 7 comprend trois parties. 


(i) A montrer: Il existe y£ H*(Y,K,) tel que f*(y) = t; et que 
y; Ò; = 8, (êy symbole de Kronecker, 1 = 4,7 Sk). 


Vu que f* est un isomorphisme en dimension zéro et que yŸ;== 0 si 
Dy < Dy;, on voit facilement que l’on peut trouver Ye f= (a) tel que 


(3. 71) Gi 0; = ĝi, (Sis Zk); 
supposant avoir obtenu ¥,,-- *, Ys vérifiant (1), nous voulons construire- Ys ; 
l’élément | 


Yer,s = Ysni — (Jeah Ds) Ys*Ys-s = Ii 


est annulé par le produit 3,-de:- - --;, fait partie de f*-1 (Ts) car 
PE (Dour Date Oy) = Ba He + 8, = 0 
et vérifie 
(3. 72) Ysa Ver == 1, Yesa, V = 0 (sti<jsk). 


_ Admettons maintenant qu’il existe You, ef" (si) vérifiant (3.72), annulé 
par Ad, - co De); si 7 > 1, alors 


Yorrji-a = Ysg ie. cuss (Yous Pun © Vig) Vis Ya 


est dans f*""(a,,1), vérifie (3.72) et est annulé par A/1(),,---,%,). Finale- 
ment on arrivera à Ys41,1 qui satisfait aux conditions imposées à y... dans (i). 


(ii). Les y; sont de degrés impairs, de carrés nuls et leurs images par f* 
engendrent ^ (z1, - £y); par conséquent la sous-algébre B engendrée par 
les y; dans H*(Y,K,) identifie à A (yn - :,yx). Soit À l’ensemble des 
éléments de H*(Y,K,) qui sont annulés par A; c’est une sous-algèbre 
d’après 3.2(e), qui fait visiblement partie du noyau de f*; nous voulons 
prouver que tout ye H*(Y,K,) est contenu dans la sous-algèbre engendrée 
par À et B, que nous notons AB. 








° H* (X, Kp) est done une algèbre extérieure à générateurs de degrés impairs d’après 
1.5(a). 
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Si y est annulé par A, cela est vrai par définition de A; supposons-le 
établi pour tout élément annulé par AS% et soit y annulé par AW. Alors 


y = y — Inc.. cidr (U On Di) Yi Yura’ Ya 


est annulé AsŸ, de même évidemment que les coefficients (y-d;,-- - - -Duh et 
y e A-B vu l’hypothèse d’induction d’où notre assertion, puisque tout élément 
est annulé par AFW = 0. 


(iii). Il reste encore à voir que A'B est isomorphe à A © B; il est clair 
qu’il suffira pour cela d'établir: 


(3.73). Sr l'élément 
2 == Lie. cisco. Yu °° Vag 
(ai... i € À), est nul, alors chaque coefficient a:,...:, est nul. 
Mais 2-0,: Vu t,e = 0 si z = 0; cela étant 


2 du" © > Dia Fan Qin... dia 


et ainsi de suite, on démontre (3.73) par récurrence descendante sur s. 


Remarques. 


8.8. En caractéristique deux, la même démonstration montre que si 
H*(G, K+) possède un système simple de générateurs primitifs, alors tout 
élément de H* (Y, K.) peut se mettre sous la forme (3.73) ; la seule différence 


avec le cas 3. Y est que l’espace A (7:,° °°, y.) n’est pas forcément une sous- 
algèbre. 


3.9. Bien entendu, on a des résultats analogues en cohomologie entière 
lorsque H*(G,Z) et H*(Y,Z) sont sans torsion, (mêmes démonstrations). 


3.10. Dans le cas particulier où f est Pinclusion de G dans un surgroupe 
de Lie compact connexe, 8. 6 et 3.7 donnent respectivement les Prop. 21.2 
et 21.3 de [8], elles-mêmes généralisations de résultats dûs à H. Samelson 
[17]. 

Si f est la projection de G sur un espace homogène (F/U, le Théorème 
8. 7 généralise un résultat énoncé en caractéristique zéro par J. Leray [18]. 
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II. Un théoréme de transgression. 


Le but essentiel de cette partie est Ta démonstration du Théorème 6. 1 qui 
peut s’envisager comme une réciproque au Théorème 19.1 et à la Proposition 
19.1 de [3]; tous ces résultats s’obtiennent par l’étude de Valgébre spectrale 
universelle, mais tandis que ceux de [3] étaient cas particuliers de propositions 
purement algébriques, dans lesquelles il n’était même pas question d’espaces 
fibrés, nous utiliserons ici plus complètement les hypothèses topologiques, en 
faisant notamment intervenir les propriétés de l’algèbre de cohomologie d’un 
H-espace rappelées au No. 1. 

Remarquons une fois pour toutes qu’en caractéristique zéro, l’hypothèse 
et la conclusion de 6.1 sont toujours vraies, ([3], Théorème 19.1), aussi 
. Supposerons-nous p £0 dans les démonstrations des Nos. 4, 5, 6. 


4, Enoncé d’une proposition et notations. 


PROPOSITION 4.1. Sort G un groupe de Ine compact connexe et supposons 
que H*(Ba, Kp) est une algèbre de polynômes, pour un p donné. Alors 
H* (G, Kp) possède un système simple de générateurs universellement trans- 
gressifs, de degrés impairs si p 542. 


Pour tout entier 7 > 0, nous prouverons, par récurrence sur 7, l’existence 
d’un système M; de générateurs de type (M) dans lequel les éléments de degré 
<j sont universellement transgressifs (et de degrés impairs pour p =< 2), 
ce qui établira 4. 1. 

Les éléments de H'(G,K,) sont toujours tous universellement trans- 
gressifs ; on peut donc prendre pour M, n’importe quel système de type (M); 
supposant maintenant connaître un système Mz, (k = 1), nous nous proposons 
de construire Mr; nous y parviendrons à la fin du No. 5, après avoir 
démontré une série de lemmes; auparavant, introduisons quelques notations. 


Notations. 
(yı) système de générateurs de H*(Bg, Kp). 


Di sous-espace des éléments décomposables de H! (Ba, Kp). 


QI sous-espace sous-tendu par les y; dont le degré vaut 7; il est done 
isomorphe à H’ (Be, K,)/D1. 


K,[Q7] algèbre de polynômes sur Qf. 


B; sous-algèbre de H*(Be, Kp) engendrée par 1 et par les y; dont le 
degré est Æ j; on a done un isomorphisme naturel B; = K,[Q/] @B,.. 
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Si: Sous-espace de H*(G,K,) engendré par 1 et par les monômes 
basiques associés à N, qui sont produits d’éléments dont le degré vérifie 
i< Dr sj, Si et Kj! sont done isomorphes aux sous-espaces 8:f @ 1 et 
18 Sat de Si O St, qui est lui-même canoniquement isomorphe à Si! par 
un isomorphisme qui fait correspondre le produit a'b à a @ b, (ae Sii,be Sat). 

(E,) est l’algèbre spectrale sur K, universelle pour G; on a done 
Est = H! (Ba, Kp) © H! (G, Kp) et Eo est triviale. On sait que dans toute 
algèbre spectrale #j,.7° = Et? et Ept = Eo, donc ici 


(4. 2) By i? = Ej = 0 (j > 0). 


Comme de plus Enh? = Bp °/d;(#P4*) et Epitt = dj*(0) N Et on 
voit que 
(4.3) d est un isomorphisme de £4 sur HP® (7 = 2). 


5. Démonstration de la Proposition 4. 1. 


LEMME 5.1. Soit p2. Alors H*(Ba, Kp) wa que des éléments de 
degrés pairs et tout élément universellement transgressif 540 est de degré 
impair. 


En caractéristique 54 2, un élément de degré impair est de hauteur deux, 
H* (Be, Kp), qui est par hypothèse une algèbre de polynômes, doit donc être 
engendrée par des éléments de degrés pairs. D’autre part le sous-espace 
Æ "1 des éléments universellement transgressifs de degré 7 — 1 est isomorphe' 
à Eint? d’après (4.3), donc nul si 7 est impair. 


LEMME 5.2. Soitj=<k. Supposons A; == K [QI] © Sjt muni d'une 
différentielle nulle sur Ka[ Q1] Q 1, qui applique l’espace des éléments de degré 
j— 1 de 1 8 8; t isomorphiquement sur Qi @ 1. Alors À; a une cohomologie 
triviale. | 


Remarquons tout d’abord qu’en caractéristique p +42, il n’y a rien à 
démontrer si j est impair, et que pour 7 pair, S;.,** est une algèbre extérieure 
à générateurs de degrés impairs. 

A Paide de la règle de Künneth, on se ramène immédiatement au cas où 
QÍ est de dimension 1, pour lequel la vérification est aisée; ce lemme résulte 
aussi pour p =£? du lemme 11.1 et de la Proposition 11.1 de [8] et pour 
p = 2, des résultats correspondants dans le cas du système simple ([8], § 16). 


LEMME 5.3. (a). Pour D=k+3, k? est un isomorphisme de 
B,® S,.* dans En (2SrSk+1). \ 
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(br) Kk2(B, © Kr) contient Et pour s+t¢Sk+2,tSk, 
QSrsk+1). 
(a2) est évident, (b2) résulte du fait que #.7°=—0, (4.2); supposons 
(a;) et (b;) démontrés pour un indice 7, (2= j= k); il en résulte: 
(6.31) «(BiQ Së) = B® St = Kal] @ SOS, (DSk+8), 
(5. 32) Ep = Qi, 
(5.33) H+ C «?(1@ 8.71) = Sja est le sous-espace sous-tendu par 
les a; dont le degré vaut j — 1. 
(5.34) *r/(B;@ Sim") est stable pour d;, et pour D S k + 2, d; se transporte 
sur le dernier membre de (5.31) en une différentielle bien déterminée par sa 


restriction à #,°7-1, qui est un isomorphisme sur Q, vu (4.3) et (5.32), 
et par le fait qu’elle est nulle sur K [QI] © By. @ SE. 


Démonstration de (a): d; est nulle sur Bai © S;*, donc pour que 
Kj? == Kja © Kj? soit biunivoque sur ce sous-espace, (D S k + 8), il suffit que 
kis? le soit, c’est à dire que | 

K? (Bm @ SF) N dj(SE;) =0 pour sSk-+ 2; 
soit we*H;; si DFu S k, alors we«?(B;® St) = B8 Sjt et d;(u) est 
contenu dans l’idéal de Q7, vu (5.32) et (5.34), et ne fait donc pas partie 
de «;?(Bj,.@ SF); si DFu > k, alors DBu —0 puisque Epe —0 et que 
Du = k + 2, donc DB(dju) = j, et si dj(u) ~0, il ne peut faire partie de 
K? (Bin @ SF), dans lequel les degrés base > 0 sont = 7 + 1. 

Démonstration de'(b;:). Un élément de Et, (s+tSk+2,tSk), 

peut s’écrire d’après (b;) et (5.31): 

(5. 35) h = Uy O v + ++ tty Bon +18 dau, 

(ui e K [Q] © 8,71, Du, > 0; vie B;a QSE; v't, v, linéairement indé- 
pendants). L'espace Fj ®* est la projection, par xj? de l’espace des dj-cocycles 
de H;**; pour prouver (bj) il suffira donc de montrer que si d;(k) —0, chacun 


des n premiers termes de (5.35) est un d;-cobord; en effet, on aura dans 
ce cas: 


ni (h) = kit (1 @ Unit) C rj 0 k (Bi © SE) = kin? (Bur @ SE). 
Or si dj(h) — 0, on doit avoir d;(w;) = 0, vu l’indépendance linéaire des 1, 


(1Æi£n); comme Du > 0, il existe wie K [Q] 8 91t tel que 
u; = d;(w,), (Lemme 5.2 et (5.34)), et alors 


Uj © V; = dilwi Q Vi) 
est bien un d;-cobord, (1 Stn). 
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LEMME 5.4. Soit x un élément de degré k + 1 de My. Il existe ze SF, 
de degré k + 1, tel que x + z soit universellement transgressif. 


Supposons avoir trouvé z;e 8," tel que æ -+ z; soit un d,-cocycle pour 
r< j; alors, vu (5.3): 


h = dr (x —- Zj) Z Hp C Ky (B; © Sj *) — B; © S54" 
ou plus précisément, puisque DB(h) = j: 
h == U4, O v +--+ - Lu, © vp, 


(ue Q O 8,57, He SE, 1 St Sn), V,: + +, Vy linéairement indépendants) ; 
évidemment d;(h) —0, dot dj(u;) —0 et (lemme 5.2), Vexistence de 
wie K,[ Qi] @ Sj tel que u; = dw’, (1 StS); mais ici DBu; = j donc 
DBuw',== 0, ce qui signifie que wie 8,71; on en tire 


dr (x -+ z) = h = du, B v +: Hu, ® oo) = da), (ae 1 @ S; 4), 


et ainsi £ +2; —a—x+ ju, (Zj € 81%), est un d,-cocycle pour r << +1, 
de manière analogue on montre l’existence de 2, £ 1 @ S,* tel que da(s -+ 22) 
== 0; on obtient done par récurrence 24,2 € 5,” tel que £ + Zr soit un d,- 
cocycle pour r < k + 2, autrement dit soit. universellement transgressif. 


LEMME 5.5. Dans les notations du lemme 5. 4, la hauteur de x + z est 
‘égale à celle de z. 


Pour p 2, x et x + z sont de degrés impairs, (s’ils sont différents de zéro), 
d’après le lemme 5.1, donc tous deux de hauteur deux. Il reste à considérer 
le cas p — 2. 

Nous supposons les éléments du système simple Ny == (a;) associé à My 
numérotés de telle sorte que les ? premiers soient les générateurs de My de 
degrés 5 k ainsi que leurs puissances non nulles d’exposants 2, 4, 8,- - : ; 
la transgression commutant aux Sq’, les éléments x, (1 11), sont tous 
universellement transgressifs. Soit S D S,* le sous-espace engendré par 1 et 
par les monômes basiques 


CE ae A (WaLa [L <h£LliSasi). 


~ 


Comme l’ensemble des x, (1 S13 1), contient le carré de chacun de ses 
éléments, lorsqu’il est 4 0, on voit que S est une sous-algébre dans laquelle, 
puisque nous calculons mod 2, le carré de tout élément décomposable relative- 
ment à J = (2), (1 S131), (Déf. 1. 1c), est aussi décomposable relative- 
ment à J; en particulier, l’élément z de 5.4, de degré k + 1, est forcément 
décomposable relativement à J, d’où vu (2.14) et (2.17): 


Pad 


GROUPES DE LIE COMPACTS CONNEXES. 297 


(5.51) Soit j un entier > 0; si z” 0, ce n’est pas un élément uni- 
versellement transgressif. 


La hauteur de x est une puissance de 2, (1.4), disons 2%; celle de x + z 
est = 2¢ par définition du système de type (M); il reste donc à montrer 
qu’elle est < 22; or, comme nous calculons mod 2, 


(s F 2)” = g” + z” = 2" 


et z?” est universellement transgressif, en tant que puissance 2%-iéme d’un 
élément universellement transgressif, donc nul d’après (5.51). 


5.6. Construction du système Mr. Soit My = (hi) le système donné; 
nous définissons un nouveau système (h’;) par 


k'i hi si Dh Æ k +1 
h'i hi + ži si Dh; =k + 1 


z étant décomposable tel que h’; soit universellement transgressif. Les z; 
étant décomposables, (h’;) est aussi minimal, et de plus tout polynôme en ` 
h’,,- © +, h’; est aussi un polynôme en hı,’ - -, hy, (j = 1,2,: * -) ; un élément 
kit P(h1,: + +, Wija) s’écrit donc aussi hj + Q (hi + +, hj) et sa hauteur 
est toujours = que la hauteur de h,, donc que la hauteur de hh’; vu (5.5); 


ainsi (h’;) est un système de type (J) dans les éléments de degrés = k + 1 
sont universellement transgressifs; c’est le systemeM;,, cherché. 


6. Un théorème de transgression. En fait, tout l’essentiel est contenu 
dans la Proposition 4. 1, mais pour l’application que nous avons en vue, il sera 
plus commode d’utiliser l’énoncé suivant: 


THEOREME 6.1. Soit G un groupe de Ine compact connexe et supposons 

que pour un p premier donné, H*(Ba, Kp) soit une algèbre de polynômes 

engendrée par m éléments Yı’ °°, Ym, (forcément de degrés pairs si p42). 

Alors H* (G, Kp) possède un unique système simple de générateurs uni- 

versellement transgressifs (uw), (t=1,:--,m, Du; = Dy,—1), tel que y 
soit une image de u; par transgression dans Eg. 


Prenons un système (h;) de type (M) d’éléments universellement trans- 
gressifs, (Prop. 4.1), et soit N = (x;) le système simple associé, (il faut bien 
remarquer que pour p s£}, les h; sont de degrés impairs, et N — M est bien 
un système simple, et non pas seulement p-simple). L’algèbre spectrale uni- 
verselle vérifie relativement à N et pour D quelconque les propriétés que nous 
avons démontrées pour Ny et DSk-+2, en particulier (5.31), (5.32), 
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(5.33). Ainsi l’espace T(G, Kp) engendré par les éléments universellement 
transgressifs, et qui est la somme des #;,,°, (j = 1), admet les x; comme base. 
Comme d; est un isomorphisme de B; sur Q= Hh, ((4.3) et (5. 32)), 


on voit que V compte m éléments et que si Ya," © *, Yə est base de Q, l’espace 
Hj?" possède une base Ua ` - , Us, bien déterminée telle que 
(6.2) def (1O u) =x (yi ® 1), (a£=i= b); 


ce qui exprime justement que y; est une image de u; par transgression dans Ka. 
Le système (u) est complètement déterminé par (6.2), et comme c’est une 
base de T(G, Kp) il constitue aussi un système simple de générateurs (voir 
(2.16) et (2.18)), d’où le théorème. 


III. Groupes quotients des groupes classiques. 


7. Sur l’algèbre spectrale des espaces fibrés. Dans ce No, A est un 
anneau principal, (£,) l’algèbre spectrale sur A d’une fibration (E, B, F, q), 
' où espace, base et fibres sont des polyédres finis. 

On notera 4 inclusion de F dans FẸ, « celle de Eat = J*° dans HS(E, A), 
(cf. 0.3 pour les notations). Rappelons que 


(7. 1) Lo Ko? == g* ; EF, Se 4% (Ht (E, À) ). 


Nous nous proposons d’indiquer deux cas particuliers dans lesquels Fa est, 
(additivement et multiplicativement) isomorphe à H*(E, A); on supposera 
réalisée la condition suivante: 


7.2. Ho s'identifie au produit tensoriel (gauche sur A) de U = Z yo Ba”? 
et V = Zizo Eo par un isomorphisme qui applique le produit s'y sur x @ y, 
(ce Es, y EEst); en particulier Et sidentifie à Eo © Et, 
LEMME 7.8. Sous l'hypothèse (7.2), JS est l'idéal engendré par 
q* (Size H (B, A)). 
Etant donné heJ** il existe d’après (7.1) et (7.2) des éléments 
ae q* (H° (B, A)) =1(H,"°) et y;e Ht (E, A) tels que 
h — ti Y —: ot Un Yn 
soit dans J¢4-2; pour s + t fixé ’imelusion de J*! dans l’idéal de 
(Ea? + fst” +. ae -) 


s’en déduit alors par récurrence descendante sur s ; l’inclusion contraire résulte 
de (Ea?) =J”? C J8 et de la règle Je: J»? C Jo, 
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PROPOSITION 7.4. On suppose, outre (7.2), qwil existe un homo- 
morphisme v: V -> H*(E, A) tel que v* ov soit l'identité. Alors Vhomo- 
morphisme 1: @ v: U @ V > H*(E, A) est un isomorphisme sur. 


C’est une légère généralisation d’une proposition de J.-P. Serre (Annals 
of Math., 54 (1951), p. 473), qui s’établit exactement de la même façon, 
(rappelons que l’on filtre U © V par le degré en U et l’on montre que :@y 
induit un isomorphisme des algèbres graduées). 


PROPOSITION 7. 5. On ajoute à (7.2) les hypothèses suivantes. 

(a) E est un H-espace. 

(b) A = K, est un corps de caractéristique p. 

(e) U, (resp. V), possède un système p-semi-libre de générateurs (wi); 


G SILS m, Duss Du sii<;j), (resp. (wi), A = in, Du = Do; 
si t< 7) et l’on a Duy S Doi. 


Alors H* (E, Kp) est isomorphe à U @ V. 


Le système (u:,- - -,%,) est un système p-semi-libre de générateurs de 
U © V, il est en particulier minimal et même de type (Af). Soit & = ı (t) 
et soit te H*(H, Kp) tel que 1*(%) =; on voit aisément que c’est un 
système de générateurs de H*(H#, Kp), ([3], Prop. 8.1); il est du reste 
minimal: En effet vu que Dum = Dv, la condition de minimalité est visible- 
ment vérifiée par les ĉ, qui engendrent une sous-algèbre isomorphe à U; 
d'autre part, si 7; == P (å: * +, õi), alors 


v; PE (di), + +, i (Tia)) =Q (0n <a), (m (&) = 0), 


ce qui est absurde. Soit enfin di == % + Pilât, G1) de hauteur minimum 
parmi les éléments de la forme % + P(û1 ` ``, Tia), où P est un polynôme. 
Comme «(U) = U et que Dum S&S Dv, les à; forment avec les à; un système 
de type (M) de générateurs de H*(#, Kp). Ce système est p-semi-libre vu 
Vhypothése (a) et (1.4), et par conséquent 


H*(H, Kp) =(U) @ Ÿ, (Ÿ sous-algèbre engendrée par les &). 


Il nous faut encore montrer que Ÿ = V. La hauteur de ù, soit 1, est égale 
à celle de w; celle de %, soit &, est au moins égale à la hauteur de 
(0) =u, + Pili" (ui), © c, t (via)), qui est 2 que la hauteur de v, 


soit s Mais la définition de système p-semi-libre montre que 
dim H* (E, Kp) me 11: + + tm8s: © + Sn 
dim #, = dim U © V = fit t "181" " "8. 
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Comme ces deux dimensions sont égales, on doit avoir s; =, (1=1=n), 
d’où l’isomorphie de F et F. 


Remarques. 


7.6. Soit vi = 1% (0) =u + @i(vi,° + * , 2) ; sa hauteur est égale à 
celle de v, car elle est d’une part = que la hauteur de %;, qui vaut s; et 
d'autre part = que la hauteur de v; qui vaut s;; on en déduit sans difficulté 
que (v’;) est aussi p-semi-libre, et que la correspondance w’;— à, définit un 
homomorphisme v: V — H*(H, Kp) tel que 1* o y soit l’identité ; l’isomorphisme 
de 7.5 peut donc être obtenu comme celui de 7. 4. 


7.7. Les résultats et démonstrations de ce No valent pratiquement sans 
changement lorsque E, B, F ont des cohomologies de type fini. 


8. Homologie et cohomologie des groupes classiques. 


Notations. Soient 2:,- ` * ,æ, n variables, o; la jéme fonction symétrique 
élémentaire en les z, p un nombre premier: 

On note Bilon: + * , a), G =i k(p — 1)), le polynôme qui exprime 
la fonction symétrique de terme typique 2,7 + > -2%/%,1: + + t en fonction des | 
oj et bp*? le coefficient de o; dans B}, réduit mod. p. Par exemple on a 
([6], 12.3): 

(8.1) bp? == j mod. p. 


THÉORÈME 8.2. U(n), SU(m), Sp(n) sont sans torsion. On a 
H* (O(n), Z) = H* (S1 X Sa X- © ° X Sens, Z) 
H* (SU (n), Z) = H* (S3 X Ss X` © + X Sana, Z) 
H*(Sp(n), Z) = H* (S; X $1 X- - * X Sin- Z). 


(Au point de vue additif, ce résultat est dû à Ehresmann [9] et Pon- 
trjagin [16]; pour une démonstration de 8.2, voir [3], Proposition 9.1); 
l’isomorphisme de 8.2 est bien entendu valable additivement et pour le cup- 
produit. Par contre, au point de vue des puissances réduites on a [6], 11. 4 
et 13. 5): i 


THÉORÈME 8.3. Sow p un nombre premier. H*(U(n), Zp), (resp. 
H*(Sp(n), Zp)), possède un système de n générateurs universellement trans- 
gressifs (hi), (Dhi = 2t — 1), (resp. (wi), Dv: = 4i — 1), tels que 
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P pF (hy) =b hs (LStSn,j—t+ k(p—l1)), 
P (v) =0 st p =? et si k est impair, 
P (v) = (— 1) #02 Byki vy sinon, (j =i + k(p— 1)/2). 
En combinant (2.8), (2.10), et (8.2), on voit que: 
THÉORÈME 8.4. Pour G—U(n), SU (n), Sp(n), Valgébre H(G, Z) 
est une algèbre extérieure anticommutative, isomorphe à H* (G, Z). 


Avant de passer aux groupes orthogonaux, rappelons que la cohomologie 
de la variéte Fn, des vecteurs unité tangents à S,., déterminée par E. Stiefel 
(Comm. Math. Helv., t. 8 (1935), pp. 3-50), est pour n impair: 


(8.5) HW no Z) = H” n2 Z) =Z; HUW no, Z) = Z2; Hi = 0 sinon. 


THEOREME 8.6. „Au point de vue additif, SO(n) a même cohomologie 
entière que le produit 


Fis X Vsa EX Vrz (ñ plus grand entier impair =n), 
multiplié encore par Sy. quand n est pair. 


(voir [8], L91, [16], [15], [3] Proposition 10.4). Les résultats suivants 
montrent que cet isomorphisme n’est pas valable au point de vue multiplicatif 
pour n = 5. 


THÉORÈME 8. 7. H*(SO (n), Z2) possède un unique système simple de 
générateurs universellement transgressifs (hi), (StS n— 1, Dhi =+), 
hés par les relations: 


Sgh; = (1 )hu, (GSjitiSn—1); Sgih;=—0 sinon. 


([15], Theorems 5.3, 6.1, [3], Prop. 23.3, [4], Théorème 9. 1, remarquons 
en passant que lexistence du système de générateurs universellement trans- 
gressifs pourrait aussi se déduire du fait que H* (Bsom 22) est une algèbre 
de polynômes en les classes caractéristiques réduites w2,: : ', Wn, qui est 


établi dans [4], No. 8, sans recours à H*(SO(n),Z.), et du Théorème 6. 1 
du présent travail.) 


Le théorème (8.7) montre en particulier que 


8.8. - H* (SO (n), Z2) admet un système 2-semi-libre de générateurs ha, 
hs, hs, * +, la hauteur s; de hn étant la plus petite puissance de 2 telle 
que s(21—1) =n. 
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En ce qui concerne la cohomologie mod p impair on a ([3], Prop. 10.2, [6], 
No. 14): 


THÉORÈME 8.9. Soit p un nombre premier impair. H*(SO(2n + 1), Zp), 
(resp. H* (SO (2n), Zp) ), est une algèbre extérieure engendrée par n éléments 
bi'e t, bn, (resp. bi,’ * * , Ona Won), (Dbi = 4i — 1, Duon = 2n — 1), uni- 
versellement transgressifs, vérifiant : 


po’ (ten) = 0 lorsque k = 1. 
Pa (bi) = (— 1) bby (ji + Ep —1)/2). 


En utilisant (2.8), (2.10), (8.7) et (8.9), on obtient le théorème soyani, 
dû à Miller ([15], Theorems 4. 2, 4.3): 


Tuftoriue 8.10. Soit 92. H,(SO(n), Zp) est une algèbre extérieure 
anticommutative, isomorphe à H*(SO(n), Zp). 

H*(SO(n), Z:) est une algèbre extérieure commutative, engendrée par 
n—-1 éléments de degrés respectifs 1,2,°--,n—1. 


Rappelons encore pour terminer ce No que certains des théorémes précédents 
sont en fait des cas particuliers de théorèmes sur les variétés de Stiefel (réelles, 
complexes ou quaternioniennes). Pour ne pas trop allonger nous nous con- 
tenterons de mentionner un résultat qui sera utilisé plus loin ([15], Nos. 8, 
5, 6, [8] Prop. 10.4 et [4] Théorème 9.1): 


8.11. Les coefficients de torsion de la variété de Stiefel V, 1 des k-repéres 
oréhonormaux de R” sont tous Fordre deux. La projection naturelle py: 
SO(n) — V,x induit un isomorphisme de H*(V, 1, Z2) sur la sous-algèbre de 
H= (SO(n), Z2) qui est engendrée par les éléments hi, (n—k£<i<n—1; 
1£<k<n—1). 


‘9. Revêtements réguliers finis; cohomologie des groupes cycliques. 
Ce No est principalement consacré au rappel de notions et résultats pour la 
plupart bien connus. 


Soit N un groupe fini. H*(By,T), (T anneau quelconque) s'identifie à 
l’algèbre de cohomologie de N relativement à T, au sens des groupes discrets. 
Supposons que N soit sous-groupe d’un groupe de Lie compact connexe G; 
il agit forcément trivialement sur sa cohomologie, par conséquent dans la 
fibration (G/N, By, Œ) associée à (G, G/N, N), (voir 0.5(a)), le système 
des H*(G,T) est simple et en particulier: 


(9. 1) E, = H*( By, Ky) © H* (G, Kp). 
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On sait que N a une cohomologie.triviale relativement à Kp lorsque p = 0 
ou lorsque p ne divise pas l’ordre de N ; dans ce cas, FE, est évidemment égale 
à Es, d’où la Proposition bien connue: 


PROPOSITION 9.2. Soient G un groupe de Lie compact connexe, N un 
sous-groupe discret de G, d'ordre n, et q la projection de G sur G/N. 

Alors q*: H* (G/N, Kp) — H*(G, Kp) est un isomorphisme sur lorsque 
‘p= 0 ou lorsque p est premier à n. 


CoROLLAIRE 9.3. Si p premier ne divise pas n, G et G/N sont simul- 
tanément avec ou sans p-torsion. 


Rappelons encore la cohomologie du groupe cyclique Za, (voir par exemple, 
S. Hilenberg, Bull. Math. Soc., 55 (1949), pp. 8-37, No. 11): 


PROPOSITION 9.4. Z, a une cohomologie triviale en caractéristique zéro, 
ou en caractéristique p si p ne divise pas n. | 

Si p impair divise n, H*(Bz„ Zp) est isomorphe au produit tensoriel 
gauche A (a) D Z lb] (Da = 1, Db = 2) ; on a le même résultat pour p —R 
lorsque n = 0 mod. 4. 

Si n = 2m, m impair, H* (Bz, 22) = Zala], (Da = 1). 


PROPOSITION 9.5. Soient Zm C Z, des groupes cycliques d’ordres divi- 
sibles par p. St (m/n, p) = 1, Phomomorphisme p*p(Zm Zn). est un iso- 
morphisme sur, si m/n est divisible par p, Vhomomorphisme p*p(Zm, Zn) est 
un isomorphisme sur pour les éléments de degrés pairs et annule les éléments 
de degrés impairs. 


Soient m == pq, n = p*r, ( (q, p) = (r, p) = 1). On a donc 
Zm = Zp X Ze Zn = Zp X Žr 
Bz, = Bz, x Bz; Bz, == Bz, x Bz, 


et comme les deuxièmes facteurs des seconds membres ont une cohomologie 
triviale, ’homomorphisme p*p(Zm, Zn) se ramène à l’homomorphisme p*, 
calculé pour les composantes p-primaires; il suffit donc d'examiner le cas 
m = p5, n= pt. 

Notre assertion est évidente pour s = t; soit donc s < t et posons k = pis. 
Dans algèbre spectrale de (Bz,, Bz,, Bzm), (voir 0.5 (c)) on a 


E, = H* (Bz, H* (Br Zp) ) 


et les coefficients sont ordinaires, car Zy agit certainement trivialement sur 
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E, = H* (Bz, Zp) © H*(Bz,,, Zp) = A (0) 8 Ziy] © A (b) 8 Z,[2] 
(Da = Db = 1, Dy = Dr = 2). Comme 
dim 2,40 = dim Ft? = 1 = dim 14, 
il faut que E,%1 — 0, ce qui n’est possible que si 
(9. 51) da(1 8 b) = ky @1, (k e Zp k 0). 


E>! a Pélément y @ b comme base, il ne contient done pas de da-cocycle s4 0, 
ni a fortiori de d,-cobord £0, par conséquent 


(9. 52) d(1 ® x) —0, 


ces deux formules déterminent complément d, et on calcule aisément (voir 
aussi Lemme 5.2): 
E, = A (a) @Z,[2]; 


ainsi pour 7 = 3, E, ne contient pas de degré base = 2, d, est nulle et E, = By. 

Z,[x] identifie à l’ensemble des éléments de degré fibre zéro de Ev, Cest 
bien l’image de p*p(Zm, Zn), (voir 0.5), d’où notre proposition dans le cas 
p impair. Pour p==?2, la démonstration est pratiquement identique à la 
précédente et laissée au lecteur. 


10. Quotient d’un groupe de Lie par un sous-groupe cyclique. 


Notation. Dans tout de No, Tm désigne un sous-groupe isomorphe à Zm 
du groupe de Lie compact connexe G. 


Nous voulons étudier la cohomologie mod. p du quotient G/Tm, (p/m), 
lorsque H” (G, Zp) possède un système simple de générateurs universellement 
transgressifs. : 


LEMME 10.1. Soreni p un nombre premier, m un entier divisible par p. 
On suppose que H* (G, Zp) est Valgébre extérieure d’un sous-espace P gradué 
par des degrés impairs. Soit 2s le premier degré pour lequel p*p(Im, G) est 
non nul” Alors dans Valgébre spectrale sur Zp de (G/Tm, Br,,, G, q): 
Eo = Ers = H* (Brn Zp) / (H= (Brim Zp) ) © AP’ 


où, (pour un P convenable), P’ est un sous-espace gradué de P tel que 
dim P’ == dim P — 1, dim P’e-1 == dim P?*1—1. Si de plus Im est invariant 
dans G, Ventier s est une puissance de p. 


T La démonstration montrera l’existénce de s. 
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On peut supposer que P est l’espace des éléments universellement trans- 
gressifs de H*(G,Z,), ([8], Théorème 19.1), par conséquent ([3], Prop. 
22. 1): 

(10. 11) drt (1O Pt) =0 sirs, 


(10.12)  dyx;2(1 Pi) = x? (p*p (Dm, G) (H° (Bo, Zp) @ 1)). 


Si p*,(Im, @) est nul sur les éléments de degrés 1 < k, ces formules 
montrent que dx? (1 © P) = 0 pour r < k, donc que d, = 0 et que E, = Ez 
pour r < k; mais F, est de dimension infinie, alors que #, est de dimension 
finie, il existe donc un premier entier 2s tel que p*, ne soit pas nul pour ce 
degré; l’espace H” (Brn Zp) étant de dimension 1,-le noyau P’ de la restric- 
tion de dzs à k2s°(1 © P) est de dimension inférieure de 1 à celle de P; soit 
encore æ un élément de P?54, non contenu dans P’; on peut écrire 


Es = H, = H* (Brim Zp) @ A(x) @ AP’, 
dax? (1 ® P’) = 0; dara? (18 2) = xP (Y D 1) AO 
où y est un générateur de H**(By,,Z,) ; on en tire aisément | 
Bron = H* (Bim Zp)/(H®* (Bras Zp)) 8 AP’, 


et ss, qui ne contient plus d’élément non nul de degré base = 2s + 1, vu 
(9. 4), est forcément égal à Es. Remarquons encore que s est la hauteur de 
l'élément o*(y), où y est un générateur de H?(Br,,, Zp), et où o* est l’homo- 
morphisme caractéristique de la fibration (G, G/I'm, Tu, q). 

Soit maintenant Pn invariant dans G. Si p est impair o*(y) fait partie 
de tout système de type (M) de générateurs de H*(G/T,,, Zp), et sa hauteur 
est une puissance de p, (1.4). Si p== 2, o*(y) ne fait pas forcément partie 
d’un système de type (Jf), mais on vérifie facilement à laide de (1.4) que 
dans l’algèbre de cohomologie mod 2 d’un H-espace, les éléments de degré = 2 
ont toujours comme hauteur une puissance de deux. 


CoROLLAIRE 10.2. Le polynôme de Poincaré mod p de G/T, est 
Py(G/Tm, t) = P (G, t) (1 — #8) (1 — tt (1 — pst), 


PROPOSITION 10.3. On conserve les hypothèses du lemme 10.1 et on 
suppose de plus que p est impair. Alors, 


HF (G/Tms Zp) = A (a) @ Z,[y1/(y°) @ AP’. 


En effet, d’après (9.4) et le lemme, on a dans l’algèbre spectrale de 
(G/T BT m G, q) 


En = Ez = A (a) @ Z,[y]1/(y°) @ AP, 
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et comme on est en caractéristique impaire, l’algèbre extérieure AP’ se 
“remonte ” dans H*(G/Tm, p), et l’on peut appliquer (7.4). 


PROPOSITION 10.4. On suppose p = 2, Tm invariant dans G, et on con- 
serve les hypothèses du lemme 10.1. Alors si m==2 mod. 4: 


H*(@/Tm, Zp) = Zala]/(a**) @ AP’, (Da=1), 
si m = 0 mod. 4 et si H! (G, Za) = 0, 
HE (G/U, Z2) = A(a) @ Zelyi/(y8) @ AP’, (Da = 1, Dy = 2). 
D’après (9.4) et (10.1), on a dans Valgébre spectrale de (G/Tu, Br,,, G, 9) 
Eo = Z (a)/ (0) @ AP’ si m= 2 mod. 4, 
Hy = A (a) 8 Zaly]/ (y) @ AP’ si m = 0 mod. 4, 


(Da = 1, Dy = 2); comme nous supposons Fm invariant, on déduit Viso- 
morphie de H*(G/Tn, Zp) avec #, de (7.5), (qui s'applique aussi dans le 
deuxième cas puisque nous y supposons Ht = 0). 


PROPOSITION 10.5. On suppose que H*(G,Z.)— AP possède un 
-système simple de générateurs universellement iransgressifs formant une base 
de P. Kott T, un sous-groupe d'ordre deux de G et sott s le premier degré pour 
lequel p*a(Ta G) est £0.7 Alors, dans Valgébre spectrale de (G/T., Br, @), 
on a 

Bo = E = Z,[al/(as) @ AP’ 


(P sous-espace gradué de P, dim P’ —1, dim P’*?* = dim P**—1). Si T, 
est invariant, s est une puissance de deux. | 


Nous laissons au lecteur la démonstration, qui est pratiquement identique 
à celle de (10.1), si l’on tient compte du fait que toute base de P est un 
système simple de générateurs de H* (G, Z2) d’après (2. 16). 

On pourrait aussi étudier le cas où m est divisible par 4, mais lénoncé 
est plus compliqué car on doit envisager deux possibilités pour l’algèbre 
spectrale, suivant que s est pair ou impair, et nous ne le reproduirons pas ici. 
. De même, si l’on cherche à étendre (10.4) au cas système simple de géné- — 
rateurs, on se heurte à quelques complications et nous nous bornerons au cas 
particulier suivant: 


PROPOSITION 10.6. On suppose que H*(G, Z.) possède un système 2- 
semi-libre de générateurs universellement transgressifs J = (x), (1S1 & m, 
Da; < Dr; sii < j). Soit T, un sous-groupe invariant d'ordre deux de G et 


GROUPES DE LIE COMPACTS CONNEXES. 307 


soit s le premier degré pour lequel p*.(T2, G) est non nul. Alors J contient 
un élément de degré s—1, soit a, et H*(G/T:, Z2) = Z.[a]/(a*) @ F, 
(Da == 1), où V est isomorphe à la sous-algèbre de H(G, Z) qu est en- 
gendrée par les x; d'indices 1 j et par sp. 


Soient J’ le système simple associé à J et P le sous-espace sous-tendu par 
les éléments de J’; ces derniers sont universellement transgressifs et les 
formules (10. 11) et (10. 12) leur sont aussi applicables ; par conséquent, tant 
que d, est nulle sur J, sur J’, (ce qui a lieu pour r < s), elle est identiquement 
nulle, d’où F, = E De plus d, n’étant pas nulle il doit exister z;eJ, non 
annulé par ds, unique d’après l’hypothèse Dr, < Da, quand a < b. Le noyau 
P’ de la restriction de d; à P admet visiblement une base formée des éléments T; 
(1547), de z; et de leurs puissances non nulles d’exposants 2, 4 8,: - -; 
comme J est 2-semi-libre, le sous-espace. AP” est une sous-algèbre isomorphe 
à l’algèbre V décrite dans lénoncé, et (10.5) montre que dane Palgèbre 
spectrale de (G/T, Bza G) on a 


Eo = Z,[a}/(a*) @ V; 


mais le système formé par les z; (t41) et x;? est évidemment 2-semi-libre, 
et comme Da = 1, H* (G/T, Z2) est isomorphe à Es d’après (7.5), ce qui 
établit notre proposition. 


11. . Groupes quotients des groupes classiques. Dans le No précédent, 
nous avons vu que l’étude de H* (G/T m, Zp) se ramène essentiellement à celle 
de p*,(I'm, Œ) lorsque G possède un système simple de générateurs univer- 
sellement transgressifs; dans le cas où G est classique, cette condition est 
toujours vérifiée et p*p(Tm, Œ) se calcule aisément, comme nous allons le voir 
ici lorsque T,, est un sous-groupe du centre de G. 


Lemmer 11.1. Soient Zm le sous-groupe des éléments Tordre m d’un 
tore à une dimension T*, p un nombre premier divisant m. Alors p*p(Zm, T*) 
est biunivoque. 


En effet, T*/Zm est aussi un cercle, H*(Bm, Zp) est une algèbre de poly- 
nômes à un générateur de degré deux, donc, vu (9.4) 


Po (Ban t) T Po (T /Z m t) "Pp (Br, t), 


Palgèbre: spectrale mod. p de (Bz,,, Br, T*/Zm, p(Zm, T*)) est triviale, et 
P*p(Zm T>) est done biunivoque. 


LEMME 11.2. Soient (Zm)” le sous-groupe des éléments d'ordre m d’un 
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tore T” à n dimensions, et p un nombre premier divisant m. Alors 
p'n((Zm)", 1") est biunivoque. 


C’est une conséquence évidente de (11.1). Remarquons encore que 
P“r((Zm)", T”) se décrit facilement: Si p == 2 et si m = ? mod. 4, 


H* (B izm)" Z2) =z Z,[%,° ++, Sn], (Dai = 1), 


et l’image de p*,((Zm)", T") est la sous-algèbre des polynômes en les ri. 
Si p = 8 ou bien si p = 2 et si m == 0 mod. 4: 


H* (Bian) Zp) = A (bat > +, bn) © Zol y * ` Yn], (Db; = 1, Dy; = 2), 


et l’on peut visiblement prendre comme deuxième facteur (qui n’est pas 
univoquement déterminé), l’image de p*p((Zm)*, T”). 

Nous passons maintenant aux quotients des groupes classiques par des 
sous-groupes de leurs centres, (pour les notations, cf. 0.7). 


THEOREME 11.3. Soient n un entier > 0 et s == 2* la plus grande puis- 
sance de deux divisant n. Alors, (avec Da = 1, Dr; = i): 


HŸ (PSp(n), Z2) = Z,[a]/(a**) @ A (Xs, Tr’ * "sy Basa) RL Tani)? 


D’après (8.3), les hypothèses de (10.1) et (10. 4) sont vérifiées, il nous 
suffit donc de prouver que 


(11.31). 4s == 2#? est le plus petit degré > 0 pour lequel p "re, Sp(n)), 
est 0, T, étant le centre de Sp(n). 


Soient T” le tore maximal de Sp(n) que forment les matrices diagonales 
à coefficients complexes, (Z.)” le sous-groupe de ses éléments d’ordre 2; les 
inclusions : 


Ts C (22)! C T” C Sp(n), 
montrent que 


p*a (Da Sp (1) ) = p*2(Te (Z2)") © p*a((Z2)", T”) © p*a(T", Sp(n)). 


L’homomorphisme p*,(T*, Sp(n)) est biunivoque, et son image dans 


H* (Bayo, 22) = Za[un * +, Und, (Du; = 2), 
est l’ensemble des fonction symétriques en w,’ - +, Un”, ([8], § 29); par 
conséquent, vu (11.2), l’image de p*:((Z2)", Sp(n)) dans 

H* (Bizans Zo) = Zola, * +5 dl, (Dr = 1), 
est l’ensemble des fonctions symétriques en 2,4, £34, * - +, tn‘. 


s Comme d’habitude, une variable surmontée d’un ^ doit être omise. 


\ 
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Il reste à calculer p*.(T2, (Z2)”).. Or, on peut identifier Z, et (Z2)” 


— 


aux premiers groupes d’homologie (entière ou mod. 2) de leurs espaces classi- 
fiants de manière à ce que l’inclusion T, C (Z.)” se transporte en la restriction 
de p:(Z2, (Z2)") à la dimension 1.9 D’autre part (Z:)* est formé des matrices 
diagonales dont les coefficients valent + 1, et l’élément non nul de T, est 
la matrice — 1; si v, resp. vı, * * -,v, sont des systèmes de générateurs de 
(Br; Z2), resp. H;:(B(zpns 22), l’image de v par p} sera v-t: -+ Un 
(pour un choix convenable évident des v;), d’où, z, resp. 21,: * * ,&, étant 
les bases duales des premiers groupes de cohomologie 


pa (La, (Zz)") (as) =a, (1<i<n), 
ps (Ta, (Za)") (out: à + tut) = (Gat 
(c; ième fonction symétrique élémentaire) ; mais on sait que 
(11. 32) (5) = 0 mod. 2? pour 1 < 2, (ox) =< 0 mod. 2, 
(n = 2*-n’, n’ impair), 
ce qui, joint aux propriétés déjà établies de p*2((Z2)", Sp(m)), donne (11.31). 


THÉORÈME 11.4. Soient Ty, le sous-groupe d'ordre m du centre T, de 
SU(n), p un nombre premier divisant m et s = p* la plus grande puissance 
de p divisant n. Alors, avec Dx = 1, Dy = 2, Dr; —1: 


H* (SU ()/Tm; Zp) = Zp[y]/(y*) B A (tr, Ge, + +) osis" * +» Bona)” 
pour p = 3, ou bien p = 2, m = 0 mod. 4, et pour p = 2, m = 0 mod. 4: 

HF (SU (n)/Tm 22) = Za[2]/ (2°) B A (as, ds, + * ; Dogs" * * 5 Bona). 
D’après (8.3), (10.8), (10. 4), il nous suffit de montrer que: | 


(11.41) 2s = 2p* est le premier degré > 0 pour lequel p*p(Tm, SU(n)) 
est non nul. 


SU(n) est totalement non homologue à zéro dans U(n), relativement à 
des coefficients quelconques, donc p*,(SU(n), U(n)) est sur, ([3], Cor. à la 
Prop. 21.8), et puisque 


pn (I'm, U(n)) = p*p(Tm SU (n)) © p*p (SU (n), U(n)) 


il suffit de faire voir que (11.41) vaut aussi pour p*,(Tm, U(n)), ce qui va 
s'établir exactement comme (11.31). On part des inclusions 


Ty C (Zm)" C T” C U(n), 


® Pour une discussion plus détaillée d’un cas analogue, cf. [4], No. 3. 
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T” étant le tore maximal des matrices diagonales de U(n), d’où l’on déduit 
po (Em U(m)) = pp (Dm (Zm)") © p*p((Zm)*, T”) 0 p%p (T7, U(n)). 
p*o(T", U(n)) est biunivoque, et son image est l’ensemble des fonctions 
symétriques en 41,‘ °°, Yn, ([3], 829). Sip—2, m = 2 mod. 4, on démontre 
comme plus haut que l’image de o;(t1,° + +, Un) par p*o(Tm, T”) est 
| p%e(I'm, T”) (oilt °°, %n)) = (ja. 

Si maintenant p = 8, ou bien p = 2, m == 0 mod. 4 

H” (Bann: Zp) = A (0 * + Mm) O Zalo: +, Yn], (Da = 1, Dy, = 2), 


et image de p*,((Zm)",U(n)) est, vu (11.2), l’ensemble des fonctions 
symétriques en les y}. Enfin l’homomorphisme p*p(Im, (Z,)" dans 


H” (Bry, Zp) = A(b) 8Z, [y], (Db = 1, Dy=2), 


est de nouveau transposé de l’inclusion, applique les b; sur b et les y, sur y, donc 


n 
pp (Dm, (Zm)”) (019 + > Ya) ) = ( 1), 
et (11. 41) se déduit des relations 


(j) 0 mod. p si i< p, (x) 0mod. p, (n= pw, (W, p) = 1). 


THEOREME 11.5. Soient n un entier > 0, s = 2* la plus grande puis- 
sance de deux divisant 2n. Alors, 


H* (PSO (2n), Z.) = Z.[a]/(a*) Q V, (Da = 1), 


où V est une algèbre unitare ayant un système simple de 2n — 2 générateurs 
Ty (1 S1 5 Zn — 1, 154 2*— 1, Dn == n), hés par les relations Ti 2, = Ta 
si 24S 2n — 1, tit = 0 sinon. 


PSO (2n) est le quotient de SO(2n) par un sous-groupe Te à deux 
éléments; (8.8) montre les hypothèses de (10.6) sont réalisées et qu’il 
suffira de faire voir que: 


(11.51). sest le plus petit degré > 0 pour lequel p*.(T2, SO(2n)) est 
non nul. 


L’homomorphisme p*,(SO(2n), O(2n)), où O(2n) est le groupe ortho- 
gonal complet à 2n variables, est sur, ([4], Prop. 8.1), il suffit done d’établir 
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(11.51) pour ps (Ts, O(2n)). Soit Q(2n) le sous-groupe des matrices | 
diagonales de O(2n), il est isomorphe à (Z:)°*, donc 


H* (Bowen), 22) = Life, > `, Tan] (Dr: = 1); 
les inclusions T, C Q(2n) C O (2n) montrent que 


p*2(T'2, O (20) ) = p*2(T2, Q (2n) ) ° p*2(Q(2n), O(2n)), 


p*:(Q (2n), O(2n)) applique H*(Boltn, Z2) sur l’ensemble des fonctions 
symétriques. en les a, ([4], Théorème 5.1). Quant à p*.(T2, Q(Rn)) c’est 
de nouveau en dimension un le transposé de Vinclusion, et comme dans le cas 
de Sp(n), on aura: 


p*2(Ts, Q(2n)) (oi(T, Ces Lan) ) SE ( 4 )at 
et (11.51) résulte des propriétés (11.32) des coefficients binomiaux. 


Remarques. 

11.6. Sin est impair, s est égal à deux, le théorème montre que Pon 
obtient H*(PSO(2n),Z.) à partir de H*(SO(?n),Z:) simplement en y 
remplaçant h, par un élément de carré nul; en particulier, PSO(2n) a aussi 
un système simple de 2n — 1 générateurs de degrés 1,2,: - -,2n—1. On 
pourrait du reste déduire s = 2 du fait que le groupe fondamental de PSO(2n), 
qui est isomorphe au centre de Spin(2n), est isomorphe à Z4, (0.7). 

Par contre si n est pair, s est > 2, (ce qui si l’on veut correspond au fait 
que 7;(PSO(2n)) — Za + 22), et H*(PSO(2n),Z,) a un système simple 
de 2n — 2 + k générateurs. 


11.7. Nous n’avons étudié la cohomologie mod. p de G/T, que dans le 
cas où p divise m, le seul qui présente quelque intérêt. Lorsque (p, m) 1, 
il suffit d’appliquer (9.2). 


IV. Le groupe des spineurs. 


12. Cohomologie du groupe des spineurs (résultats). 


THÉORÈME 12. 1. (a). Pour p impair, Spin(n) wa pas de p-torsion et 
H*(Spin(n),2Z,) est isomorphe à H*(SO(n),Z,). 


(b). Spin(n) a de la 2-torsion si et seulement si n = 1, et ses coefficients 
de torsion sont tous égaux à deux. 


(c). Soit s(n) entier tel que 2901 < n = 2s, L’algébre H*(Spin(n), 
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Zz) possède un système simple de n— s(n) générateurs Ur, ` *, Un-s(n)-1) U3 
le dernier est de degré 250 — 1 et la suite des degrés Duy, Du, * > +, Dun-s(n)-a 
s'obtient à partir de la suite 8,4,- : :,nm—1 en y supprimant toutes les 


puissances de deux. Ces éléments vérifient les relations suivantes : 
À Du; T , : 4 o . . 
Sqiu; = ( i Jugy si i S Du; à + Du; = Duy; Sq'u; = 0 sinon; u'u = 0. 


12. 1 (a) résulte de (8.6) et (9.3); donnons maintenant les valeurs des 
degrés Du; Du pour n = 9. 


n s(n) Da, © ©, Duss(n)2 Du 
3 2 3 
4 2 3 3 . 
5 3 3 7 
6 3 3,5 jé 
y 3 3, 5, 6 y 
8 3 3, 5,6,7 7 
9 4 3,5,6,7 15 


13. Cohomologie mod. 2. Nous diviserons la démonstration de 12. 1(c) 
en trois parties: (i). Détermination d’un système simple de générateurs, (11). 
Détermination des u; vérifiant les Sq? annoncés, (iii). Détermination d’un 
générateur u de carré nul complétant le système des t. 


(i). Un système simple de générateurs. L'espace homogène Vp n-z 
= SO(n)/SO(2) est aussi le quotient de Spin(n) par l’image réciproque 
de SO (2) dans Spin(n) ; cette dernière est connexe puisque F pn- est simple- 
ment connexe, c’est un revêtement à deux feuillets de SO (2), donc un cercle, 
d’où une fibration (Spin(n), Fa n-o 91, q) dont nous voulons étudier l’algèbre 
spectrale sur Z,. On déduit immédiatement des propriétés de H*(Vyn-2 Z2) 
rappelées au No. 8: 


r 


13.1. L’idéal engendré par A. possède, en tant qu’espace vectoriel sur 
Za une base formée des monômes fi,*hint + hu, (ti te << * * 4%), où 
Pun des À; au moins est une puissance de deux. 


13.2. Les n—s(n) — 1 éléments A; dont les degrés ne sont pas des 
puissances de 2 constituent un système simple de générateurs d’une sous- 
algèbre unitaire K de H*(Vyn-2; Z2) qui, en tant qu’espace vectoriel, est un 
supplémentaire de l’idéal (hz). 
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18.3. La hauteur de h, est égale à 29-1; l’annulateur de he, soit Ann. 
h, est l’idéal engendré par l’élément: 


js he | ha Do. has tn)-1 Z ha i (Dh* — 28(n) — À) 5 


Vapplication y—y"h* est une application linéaire biunivoque de K sur 
Ann. he. 


Nous pouvons maintenant passer à Valgébre spectrale sur Z, de 
(Spin(n), V nn- Sq). On a tout d’abord: 


S E, = H* (Vans, Ze) @ H* (Si, 42), 
Ba = Bo. 


Soit x élément non nul de H+(S,,Z,); comme Spin(n) est simplement 
connexe, on doit avoir #,°1 —0 et ne peut être un d,-cocycle, d’où 


d.(1 8 x) =h, © 1, 


ce qui détermine complètement d, comme on sait; les d2-cocycles forment 
la sous-algèbre 


C(E:) = Ann. ho Q £ + H* (Vino Z2) Q1, 


et les d2-cobords la sous-algèbre: da (E) = (he) @ 1. 

En tant qu’espace vectoriel, Ann. h: @ x + K @ 1 est un supplémentaire 
de d.(H#.) dans C(Æ:) d’après (13.2); mais, vu (13.8) et (18.1), cette 
sous-algèbre admet un système simple de générateurs formé des n — s(n) — 1 
éléments h, dont le degré n’est pas une puissance de deux et d’un élément 
h* © x de degré égal à 28%) — 1; comme elle est appliquée isomorphiquement 
sur E, par «k, on voit que E, = Ee, donc aussi ([3], Prop. 8.1) que 
H*(Spin(n), Z) possède un système simple de n—s(n) générateurs dont 
les degrés sont égaux aux entiers compris entre 3 et n — 1 et non puissances 
de deux et à 25) — 1, ce qui établit (1). 


(ii). Détermination des uw. Soient (w), (1 S1 < n—s(n)), les élé- 
ments g*(h;), (7 non puissance de 2), rangés par ordre de degrés croissants 
et soit w* un représentant dans H*(F n n-2, Z2) de h*@zx Vu (8.7) et 
(8.11), Sgîu; a bien la valeur énoncée dans 12. 1(c); de plus les w sont 
représentés dans Fe par les éléments «.?(h;), (1 non puissance de deux), qui 
forment avec h* @ x un système simple de générateurs de Es, par conséquent 
([3], Prop. 8.1), les u; et u* constituent un système simple de générateurs 
de H*(Spin(n), Z2). 
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(iii). Le générateur u. Posons U = q*(H*(Van2,42)) et a(n) 
= 28) — 1. De (i) et (ii) on tire que Ọ est isomorphe à H*(W,,,2, Z2) / (he) 
et contient tous les éléments de degrés < a(n) de H*(Spin(n),Z.), que 
He (Spin(n), Z.)/U*™ est de dimension 1, et que tout élément de degré 
>a(n) de H*(Spin(n), Z) est décomposable. Un système de type (M) 
de générateurs de H*(Spin(n),Z,) comprendra done un système de type 
(M) de générateurs de U, soit J, complété par un élément de degré a(n) 
soit u. 


Nous voulons montrer que la hauteur k de u vaut 2. Comme (J,u) est 
2-semi-libre d’après (1.4), on a: 


(13.4) P:(Spin(n),t) = P2(U,t). (Lo) + P p- team) ; 


mais nous savons déjà que les u, (resp. les wu; et u*), forment un système 
simple de générateurs de U, (resp. de H*(Spin(n),Z2:), d’où 


(13.5) P,(Spin(n),t) = Pa(U, t). (1+ #0). 


ce qui, joint à (13.4), donne bien k — 2. 

u étant ainsi de carré nul, et (J,u) étant 2-semi-lbre, on voit que 
H*(Spin(n),Z:) est isomorphe à U @ A (u), done que (uu) en est un 
système simple de générateurs. 


14. Cohomologie entière. Nous savons déjà que Spin(n) n’a pas de 
p-torsion pour p=<2; autre part, 12. 1(a), (c) et le No. 8 montrent que 
pour n < 7, Spin(n) a même polynôme de Poincaré mod.2 qu’en carac- 
téristique zéro, il n’a donc pas de ?-torsion ; naturellement cela résulte aussi 
du No. 8 et des isomorphies classiques: 


Spin(3) = Sp(1), Spin(4) = Sp(1) X Sp(1), 
Spin(5) = Sp(2), Spin(6) = SU(4). 

Par contre, pour n= 7, P,(Spin(n),t) contient é et 7°, qui ne figurent 

pas dans P,(Spin(n),t), et Spin(n) a bien de la 2-torsion. Pour terminer 

la démonstration de 12.1(b), (et de 12), il nous reste done à prouver que 


les coefficients de torsion de Tors. H*(Spin(n),Z) sont tous égaux à deux 
pour n = 7, 


14.1. Soit X un polyédre fini. On sait que ’homomorphisme 
Sg: H*(X, Za) — H(X, Ze) 
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west autre que l’homomorphisme de Bockstein attaché à la suite exacte de 
coefficients : 
0-232 > ZARZ — 0 


suivi de la réduction mod. 2; il en résulte que dim. Sq*(H*(X, Z:)) est égale 
au nombre des coefficients de torsion de Tors. ,H**1(X,Z) qui sont égaux à 
deux; d’autre part les formules 


H(X, Z,) = H*(X,Z) Q Z, + Tor(H**(X, Z), Za) 
H*(X, Zo) = H*(X, Z) Q Z, = H*(X, Z) /Tors. H* (X, Z) Q Zo 


montrent que dim. H*(X, Z) — dim. H* (X, Z.) est égal au double du 
nombre des coefficients de torsion de Tors.,H*(X,2Z). Par conséquent: 


(14.11). Pour que les coefficients de torsion de Tors. -H* (X, Z) soient 
tous égaux à deux, il faut et il suffit que 


2- dim. Sq? (H*(X, Z.)) = dim. H* (X, Z,) — dim. H*(X, Zo) 
ow encore, puisque le premier membre est toujours SS au second, que: 
2 - dim. Sp (H* (X, Z:)) = dim. H* (X, Z,) — dim. H* (X, Zo). 
D’après 12. 1(a), (c), et le No. 8, on a 
dim. H*(Spin(n), Za) == 27-3 
dim. H* (Spin(n), Zo) == V% (b(n) = [n/2]), 
il nous suffira donc d’établir que 
(14. 12) 2° dim. Sg (H* (Spin(n), Z3) = 27-8) — 2n), 
14.2. Nous reprenons les notations du No. 13; on a donc 
H* (Spin(n), Z2) = U @ A (u) = A (t + `, Unsin) © A (u), 


où U = qg* (H* (Vans; Z2)) est stable pour Sq*; soit (x) une base d’un 
supplémentaire dans U du noyau de Sq*; comme H*(Spin(n), Z,) = 0, il 
est clair que Sq’ (u) e U, donc que les vecteurs Sg (ri © 1) = Sg (z:) @ 1 
et les vecteurs 


SEn u) = Sq? (n) Qu -+ r S8q'(u) @1 
forment un système libre; pat suite 
dim. Sg! (H* (Spin(n), Z2)) = 2+ dim. 8 (U) 
et (14. 12) résultera de 
(14. 21) 4.-dim. S (U) = 27-8) — Qn), 
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14.3. Nous avons vu que 
U == g* (H* (Vans) Za) = H* (Vans Z2) / (he) ; 
on peut done écrire U = À @ B avec 
A = 8; A (haa), (3&1 <s(n)), pour n impair, 
À = Q; A (hata) © A (hna); (2&1 < s(n)), pour n pair, 
B=; A (mi hmar) (56S mS n — À, m; + 1 pair, non puissance de 2). 
Nous noterons c(n) le nombre de facteurs A (hm hma) de B, done 
c(n) = b(n) — s(n) +1 (n impair), 
c(n) = b(n) — s(n) (n pair). 
Nous avons rappelé au No. 8 les Sgi de V,,2; en particulier 
So (hu) = hi, pour + impair S n — 2, Sg (hi) = 0 sinon, 
hi hoi si 205 n — 1, huhi = 0 sinon, 
ce qui montre que A et B sont des sous-algèbres stables par Sq’, et en fait 
que Sg'(4) — 0; par des calculs élémentaires, que nous ne reproduirons pas, 
on en déduit que (14.21) équivaut à 
(14. 31) 8 : dim. Së (B) 2 274) — ge), 
14.4. Soit B,, (k impair 2 5), la sous-algèbre de B, stable pour Sq’, 
qui est engendrée par les h; d'indices = k; elle possède un système simple de 


générateurs, formé d’un nombre pair, que nous noterons 2/(4), d’éléments h;; 
en particulier f 


B, = B, 1(5) = e(n); l(k — 232) ==1(k) +1; 
Pinégalité (14.31) résultera done de: 
(14. 41) 2 - dim. Sg (Br) = 274) — 2100, (k == 5,7,- - -) 
que nous démontrerons par récurrence sur l(k), (done par récurrence descen- 
dante sur #). 

Cette inégalité est immédiate pour (k) == 1, supposons-la vraie pour un 
indice k > 5, et soient, dans B;, Ny le noyau ‘de Sq*, Is son image, Sy un 
supplémentaire de Ny, et Pe un supplémentaire de J, dans Np, (on a bien 
In C Ny puisque Sg'o Sg' = 0). Soit encore s l’indice tel que I(s) = (k) +1, 
autrement dit tel que 

B,== À (hs, lesa) © By. 
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L'espace Sq? (Bs) contient: 

Vi = (1 + he) 8 I; = Ir + Ik 

Vo = {x, © = hs hs © Agu + 18 hou hou vu, ue Sy} = Sy 

Ya = hg © Pr = Pi 

V, = {2,0 = hs © Sgw + hs © v, ve 81} = Sy. 
On vérifie facilement que des vecteurs v; 540, (v:e V;) sont linéairement 
indépendants, et comme d’autre part 

dim. Sy = dim. Iy, 
= dim. B = dim. N, + dim. Iy = dim. Pr + 2: dim. Ir, 

on voit que 


dim. 5g! (Bs) Z 4: dim. J; + dim. P; = 2: dim. 7, + dim. Bp. 
Mais dim. B, = 2?" et par hypothèse d’induction, 


2: dim. Iy Z 2°74) — 210, 
d’où finalement 
dim. Sq*B, = 224) — 210) 4 227) 


2. dim. Sq (Bs) = Q2U(k)+2 _ DEI — 921s) __. DU(s) 
c. q. É. d. 


15. Éléments universellement transgressifs de H*(Spin(n), Z2). 


Proposition 15.1. Dans les notations de 12.1, les éléments (uu), 
(1&1 < n—s(n)), sont universellement transgressifs. 


Soient œ et 8 les projections canoniques: 


B 


Spin (n) —_“» SO (n) —— Vane; 


mod. 2, 8* est biunivoque, applique A; sur l’élément universellement trans- 
gressif de degré i de H* (SO (n), Za), (voir [3], § 10, 23), soit & ; considérons 
d’autre part le diagramme 


À 
E spin(n) 7 E spintn) fis 
$u $r 
id. 
B Spin(n) > B Spin(n) 


où T désigne le centre de Spin(n), et où A, m, v sont les projections canoniques ; 
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il est clair que v fait de E sping /T. un espace fibré principal de groupe struc- 
tural SO(n), dans lequel +, est donc transgressif. Comme la restriction de À 
à une fibre est «, l’image réciproque par A* d’une cochaine de transgression 
pour z; dans la fibration de droite sera une cochaine de transgression pour 
a*(2;) == a o B® (hi) = g* (hi) = u; (7 étant tel que Du;—1), dans la 
fibration de gauche, ce qui montre justement que u; est universellement 
transgressif. 

I] reste à savoir si l’on peut compléter le système des u; par un générateur 
universellement transgressif; nous verrons que cela n’est possible que si n & 9; 
plus précisément : 


Proposition 15.2. H*(Spin(n), Z.) aun système simple de générateurs 
unwersellement transgressifs si et seulement si n = 9. 


Compte tenu de 6.1 et de la Prop. 19.1 de [3], cela équivaut à: 


PRoPosiTION 15.3. H*(Bspin(n), Z2) est une algèbre de polynômes si et 
seulement si n <= 9. 


Pour étudier H* (B spin(n); Z2), nous nous servirons de lalgèbre spectrale 
sur Z, de (Bspin(n), Bsotm, Br.) qui correspond à la fibration (Spin(n), SO(n), 
Fa), (cf. 0.6). 

Remarquons que si Fe est une algèbre de polynômes, il en est évi- 
demment de même pour H*(Bspinin), Z2) ; d'autre part, si H* (B spinin); Z2) 
est une algèbre de polynômes, alors 6.1 et 12.1 montrent qu’elle possède 
n—s(n) générateurs de degrés Du; +1, (1Z=1<n—s(n)), et Du +1, 
autrement dit que sa série de Poincaré est: 


izn-s(n)-1 


(15.4) (1—2). Jj (1— ety 
4-1 


la Prop. 15.3 sera donc conséquence de la: 


Proposition 15.5. Soit (E,) l'algèbre spectrale sur Z, de (Bspinin), 
Bsoin); Bra). Alors pour n = 9, Hy est une algèbre de polynômes et pour 
n > 9, Ea a pour le degré total une série de Poincaré différente de (15. 4). 

La démonstration de (15.5) sera donnée au No. 15.18, après une série 
de remarques préliminaires. 


15.6. Soit XY un espace et soit a == @i'@2° * -ap un élément de degré 
j de H* (X, 2), (ae H™(X,Z,)). Alors Sga est une somme de monômes 
qui ont la forme 


a,” + s di1’ (Sq"1 Ta) ® Wiss” © pe Oh,” ; 


c’est une conséquence évidente des propriétés classiques des Sq’. 
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15.7. On sait que H*(Bsotm 22) = 22102," ++, Wal, (Dw; =t), est 
une algèbre de polynômes en les classes caractéristiques réduites w; dont les 
1-carrés sont donnés par les formules de Wu Wen Tsün: 


Sqtw; = Socrss (HT) a+ Wiet GS jhj = 2," n), 
avec les conventions: w; = 0; Wy = 0 si k >n; (o) = 1, (4) == 0 gi a <b 
et b 40, (voir par ex. [4], No. 8). En particulier 
(15. 8) BG W = Dj + WiWia H + E WaWa F Wojas, 
on en déduit que les éléments v; définis par 

v; = w; sit pest pas de la forme 27 +1 
(15.9). v = w 

Voss = SQ (Votan) = BG”? 0 9go: + -o Sq? o Gg (wa) 


(0< j< s(n)), forment aussi un système algébriquement libre de généra- 
teurs de H*{(Bsotx), Z2). 


Notations. I(k) idéal de H*(Bsotw), Z2) engendré par va’  - , Vx, OU, 
ce qui revient au même, par Wz’ * +, Wp 


L(k), idéal engendré par les éléments Vz, (0 5S} < F). 
a(n) = 28) — 1; d(n) == 28-1, 


15.10. Sow Qel(k), (resp. QeL(k) et k < s(n) —1), de degré 7. 
Alors Sqi*(Q) el, (resp. Sg (Q) e L(k +1)). 


C’est une conséquence évidente de (15.6), (15.8) et (15.9). 
15.11. On a van = Wzn mod. 1(274), (17 < s(n)). 


La démonstration se fait aisément par récurrence sur j, à l’aide de (15. 8) 
et (15.9), et est laissée au lecteur. 


15.12. On a Sqgvimu E L(s(n)) pour nS 9. 
La formule Sq?vs — ws; + WW montre que (15.12) est vérifiée pour n < 5 
et que sin = 5 
Vs = Ws mod. L(2), ou encore w;e L(3); 


par conséquent, d’aprés (15.8) et (15.10): 
IVs = Wy + Wows + Wee + ww, mod. L(3) 
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ce qui donne (15.12) pour 5=n < 9 et de plus, pour n = 9; 
Vs = W, mod. L(3) ou encore wae L(A) ; 
on en tire à l’aide de (15.10): 
Sgq’vy = Kg w, mod. L(4), 
en particulier, si n = 9: 
SO Vo = Wey mod. L(4), done qv, e L(4). 

Notons encore en passant que pour n == 10, on a: 
(15.13) So = WW + WrWio mod. L(4) 

SQ°Vo = VaVo + VrVio mod. L (4). 


15.14. Pour n> 9, Sq@vanyir E L(s(n)). D’après (15.11), on peut 
écrire 
Vaini = Watna F Q + Vanya À 
(Q e 1(28™-2— 1), R de degré 28-2 -+ 1). On en déduit 
Wana = Sq? (waima + Q) 
+ Vany SGP CR) 4+ R Sq? (vatn), 
où, vu (15.8), (15.10) et n > 9, done s(n) = 4: 
Sq Va (ny +1 = Wam Wa(nyar F Wainy aWa(ny se mod. I (a(n) — 2)) 
Sq Va (ny +1 = Vain) Vains F Vatn)-1Va(n) +2 mod. I(d(n) —2). 
Soon): est un polynôme en les v; dans lequel le produit Vatn) * Va(n)+2 


figure ainsi avec le coefficient 1; il ne fait donc pas partie de l’idéal Z(s(n)) 
pour s(n) = 4, c.q. £ d. 

15.15. Nous pouvons maintenant étudier Valgébre spectrale de la fibra- 
tion (Bspinin), Bsom),Br,) ; puisque Bso) est simplement connexe, on a 

E, = H*(Bso(n, Z2) D Z2[2] | (Dz — 1), 
ce qui peut s’écrire 
E: = Z,[ v2] @ Zalova + *, Un] O A(x) @Z,[27] ; 
Bspintn) étant simplement connexe, on a 1H, — 0 et x n’est pas un d.-cocycle, 
ce qui implique: 
d(1®r)—=V%:@1; 


évidemment 
d,(1 8 r?) = 2 -v O z = 0 
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et l’on voit, à l’aide de la règle de Künneth et de 5. 2, que: 
E; = Zi vs,- * +, Un) O Zale]. 
Notons encore que, la transgression commutant aux Sq’, les éléments 
a”, gt, 28,- + -, sont transgressifs et de plus | 
daraka (18 2%) == Katy? (0n @ 1), (lSj<s(n)), 
ies: doa(n)siK2a(njs1 (1 © P) == koana? (SQ vainys1 © 1). 


15.17. A montrer: Pour 2S rS2d(n) = 2, on a B, = Em sr 
n'est pas de la forme 2i -+ 1, et 
Bry = H* (Bso, Z2)/L(j +1) @ Z.[a-Y] st r= 2) +1, 
(0< 7 <s(n)), 
Nous avons déjà calculé Æ, ; supposons (15.17) établie pour Er, où k < 2d(n) 


alors 
E= U @ V, U = xy? (H* (Bsa, 22), V == «x? (Z2[2]), 


et V est une algèbre de polynômes engendrée par +, où s est une puissance 
de deux. Si &542/-+1, V est engendrée par un élément transgressif de 
degré -<k— 1, donc dx(1@ V) —0, d’où, ici, d,==0 et Ern = Ep; si 
maintenant k= 2i + 1, (157 < s(n)), alors 


By, = Ez- = H*(Bsow,Z2)/L(j) @ Z:1x°”] 
Ey, = H* (Bsow, 22)/L (7) @ A(2”) @ Za[z?"], 
et, vu (15.16), il en résulte de nouveau par (5.2) et la règle de Künneth: 
Era = H* (Bsom, 22)/L(j + 1) 8 4,[2""]. 


15.18. Démonstration de la Proposition 15. 5. Nous savons par (15. 17) 
que 


(15. 19) Ezama = Zalta + +, Un] /L(s(n)) @ Z,[ 274], 


Soit n = 9. Les formules (15.12) et (15.16) montrent que deaçm)+1 est 
nulle sur Z2[274™+1], done identiquement nulle sur Esain; comme 274) 
est un d,-cocycle pour tout r > 2d(n) + 1, les différentielles ultérieures seront 
aussi identiquement nulles, et Ee  Eogçn)s1 est une algèbre de polynômes. 


Si n > 9, dea(nym n’est pas nulle sur 
kagina (1 © r) 


vu (15.14), (15.16) et (15.19) ; par conséquent la série de Poincaré de 


4 
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Erin, et, a fortiori, celle de #,, seront majorées par celle de Esain; qui est 
justement égale 4 la série (15.4), ce qui termine la démonstration de la 
Prop. 15. 5. 


1 15.20. Nous ne chercherons pas à déterminer complètement la structure 
de H*(Bspintn); Z2), qui paraît être assez compliquée dans le cas général, et 
nous nous bornerons à décrire H*(Bspinto), 22). D’après (15.13), (15. 16) 
et (15.19), on a 


Ey, = Zalta’ * +, Viol /L(4) @ Zafir] 
Eu = Zola, Ve, Vas Vay Viol Q.A (2**) O Z,[r°?] 
dikir (1 O DS) = Kr? (07 * Vip © 1) 
d’où, par un calcul facile, 
Eig == Lol V4, Ve, Vr, Ve, Vio |/ (Ur Vio) @ Z2lr?], 


(cela résulte aussi du reste du lemme 11. 1 de [3] appliqué au cas du système 
simple, cf. [8], § 16). Par conséquent Fia = La et 


dsskss? (1 @ 2?) ER kas NGE (vz s Vio) & 1. 
Par ailleurs 
Ige (vr Vio) = Sq" (wr Wio) — (Sur) Wi? + W: SPW 
SE UWr W0) = (We Wr F- Ws" We F Wa" Wy F Ws" Wi)’ Wio? + Wz? Wo W0; 

Ws, Ws, Wa sont dans L(4), (voir démonstration de 15.12), et les expressions 
de #,, et Hyg écrites au début de (15.20) montrent que £(4) et le produit 
Vr° Vio = Wr°Wio font partie du noyau de x37; ainsi das est nulle sur l’image 
de ë? dans Es, donc identiquement nulle; les différentielles ultérieures, 
toujours nulles sur un élément de degré 82, seront alors aussi identiquement 
nulles, et Eo = Hs, = Hy. L’algébre de polynômes Z [x] peut évidemment 


se “ remonter ” de Ee à H*(B spinto), Z2), on peut appliquer (7.4), ce qui 
donne finalement : 


PROPOSITION 15.21. L’algèbre H* (B spina), Z2) est isomorphe à 
Le [ wa, We, Wr, Ws, Wio; Wao|/ (W7 *Wio); (Dw; = i). 
16. Sur l’homologie du groupe des spineurs. En combinant (2. 8), 
(12.1) et (15.2), on obtient: 


THEOREME 16.1. Pour p 2, Valgèbre H,(Spin(n), Kp) est une algèbre 
extérieure, anticommutative, isomorphe à H*(Spin(n), Kp). 
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Si n<9, H,(Spin(n),Z.) est une algèbre extérieure commutatwe à 
n-—s(n) générateurs (wi), (1SisSn—s(n)); le degré de vn-sin) est égal 
à 28") —1 et la suite des degrés Dvi, > +, Dos (ny S'obtient en supprimant 
les puissances de deux dans la suite 38,4, : ` - ,n—1. 


Nous nous proposons maintenant de déterminer le produit de Pontrjagin 
dans H,.(Spin(10), Z2); à cet effet, nous aurons besoin de quelques pro- 
priétés de l’algèbre spectrale CRU sur Z, de Spin(10), qui font l’objet 
du Lemme 16. 2. 


Notations. Il sera commode de mettre en indices les degrés des généra- 
teurs aussi désignerons-nous dorénavant le système simple de générateurs de 
\H*(Spin(10),Z:) décrit dans le Théorème 12.1 par Us, Us, Ue, Ur; Uo; WŸ15, 
(Du; = 1). 

D est l’algèbre des éléments décomposables de H*(Spin(10),Z.) et 
Di = D N H’ (Spin(10), Z2). 

Lemme 16.2. I] existe us e H**(Spin(10), 22), congru à u*,, mod. D * 
tel que l’on ait, dans l’algèbre spectrale universelle sur Z, pour Spin(10): 

(a). Wis est un d,-cocycle pour 279 et 

Ayok10" (1 © Urs) = kio (Wio © Us) ~~ 0. 
(b) . EF seh, [wz Ws, Wio, Was] / (w7 *Wo) © À (Ue, Uz, tle; Urs) ‘ 
(c). Kip’ (Wio zo) 1) z£ 0. 


Nous utiliserons sans autre commentaire le fait que les uw, (4 < 15), sont 
universellement transgressifs (15.1) et que leurs images par transgression 
dans l’algèbre spectrale universelle sont 40 (puisque #, est triviale). Vu 
(15.21), on a: 


E, = Ly [Was We, Wry We, Wios Was |/ (Wr, Wio) BA (Us, Us, Ug, Ur, Ug, UW" is). 
d’où évidemment, da — da = 0, E, = P, et 
daxa’ (1 ® Us) = ka? (W4 &® 1). 


les quatre w; suivants sont des d,-cocycles, et, en ce qui concerne u*,;, on peut 
en tout cas écrire: 


h == dax? (1 © UŸ:5) = ka? (01 © bi +: , + + a, © bs), 


19 Comme le système (u,) contient u,? lorsqu’il est z 0, on vérifie aisément que tout 
élément congru à u mod. D forme avec les u, un système simple de générateurs. 
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(ae wa © A (us), 0, bye A (ts, tec, Ur, Us) 5 bu > * , by linéairement indé- 
pendants); Vélément h est forcément un d,-cocycle, d’où di(a) —0 et 
ti = Ww, 1, (115s); ainsi, élément 


Wis = UW" y5 + Us (Di +: + + Os) 


est un d,-cocycle pour 2 = r = 4, congru à u*,, mod. D.1, On en tire par 
un calcul direct facile, ou à l’aide de (5: 2), que: 


E, = Z, [ We, Wr, Weg, Wios Wee |/ (We *Wio) 8 A (Us; Ue, Ur, Us; Wis) 3 
par conséquent d; = 0, LH; = Ee et 


(16. 21) dexo (1 © us) == kg? (We © 1). 





Par un raisonnement en tous points semblable à celui qui nous a conduit à 
uy, et à Es, on en déduit lexistence de xe A (ue, ur, us), de degré 15, tel que 
Wis == Wis + & soit un d,-cocycle pour 2 Sr 6, et 

(16. 22) E, == Lo [ wz, We, Wio Wael / (We x Wio) © A (Ue; Ur, Us, wis) 3 

il en résulte que 


(16.23) dik? (1 © Us) == Ky? (w @ 1), 


et que x7?(Wip © us) est un d,-cocycle, non nul, qui engendre Æ,1%, Mais Fa 
est triviale, et d,H#,'°* — 0 pour tout r > 7, il doit donc exister un indice 
t= 7 et un élément z tels que: 


(16. 24) 0 A KP (Wro ® ue) = d: (2), (2e Bust) ; 


cependant, E,” — 0 pour 0 < p & 3, légalité (16.24) n’est done possible 
que pour $ == 10 et 
2£ Fiott EC E,918, 


E,9%5 est, d’après (16. 22), de dimension 2, engendré par te'u et w/”15; comme: 
drk: (1 © Us Un) = kz? (W: @ Us) 
est 540 d’après (16.22), on doit avoir 
Z = Wis + C Ug’ Us, (ce Za). 


et z = us est un élément congru à w*,, mod. D qui vérifie 16. 2(a) ; l’assertion 
16.2(b), résulte de (16.22); enfin, H,*°° est, vu (16.22), engendré par 
K7 (Wi © 1), d’où 

0 diok10° (1 © Us) = Kio (Wio © 1) 


ce qui prouve 16. 2(c). 
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Notations. h* et h, seront les homomorphismes induits en cohomologie 
et en homologie mod. ? par le produit de Spin(10). 

{va} sera la base de H,.(Spin(10), Z2), duale de la base {u - - ttn} 
de H* (Spin (10), Z2), (a <L> + <m%j;1SkS6). 


H,,(Spin(10), Z) opère sur H*(Spin(10), Z), ainsi que sur Palgèbre 
spectrale universelle, (cf. No. 3), et nous noterons %,,...;, l'opérateur défini 
par Vi. ip 


Lemme 16.3. On a h* (uw) =u @1+1Qu, (t< 15), et 
h” (Urs) = Uis © 1 + 1 @ Unis + Us & Ue. 


Pour ui, (i< 15), il suffit le remarquer qu’un élément universellement 
transgressif est aussi primitif, ([8], Prop. 20.1). 


En utilisant les propriétés des opérateurs Ÿ, énoncées au No. 18, et (16.2), 
on obtient : 


drk (1 © Us Vu.) == drkr’ (1 Q Us) ) Din. (r = 9). 
(16. 31) di0K10° (1 & tis" Vo) =. (di0k10°(1 @ Us)) Uy == (K10° (Wo © Us)) Os, 


d10K10° (1 © Us Pe) = Kio (Wio © te Os) = Kip” (Wio @ 1) Æ 0, 
done 


(16. 32) Uis ‘te ad 0. 


Par ailleurs, 16. 2(b) montre que H*(Spin(10), Z2) ne contient qu’un élément 
non nul de degré strictement positif et < 15 qui soit un d,-cocycle pour 
2 < r S 9, c’est uo; les formules (16. 31) et (16. 32) entraînent par conséquent: 


Us Vo = Us 
Us Dis.. ip = 0, (i + Do + ik < 15, (tis oe. + , 4%) of (6)). 


Si l’on remonte à la définition de Ÿ,, No. 3.1, on voit que cela signifie pré- 
cisément que h*(t5) a la valeur annoncée dans (16.3). 


THEOREME 16.4. H,(Spin(10),Z,) possède un système simple de 
générateurs Vg, Us, Vo, Va, Vos Vis, (Do: = i), vérifiant les relations: 


WUVU=0, (BB SiS 15), WVv=vVu (i<j, (49) (6,9)), 
Ve V Vo — Vo V Ve + Vis. 
On tire tout d’abord de (16.3): 


(16.41). h* est symétrique (au sens de la définition 2.3) sur 
A (us, Us, Us, U7; Ug). 
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(16.42). h*(a-uss) = h* (a) (ts © 1 + 18 ts) + h* (a) + (uy Q us), et 
le premier addende du deuxième membre est symétrique si h*(a) l’est. Il 
est clair que 


Chi (a) + (tty @ Us), Vu" © Vy @ Viggd =O i h <<< ini 
<h* (a) + (us © us), vi: © vp =0 si (i, j) = (9, 6). 
ce qui, joint à (16. 41) et (16.42) montre que 
UV Vj = viy v; pour (t< 7, (4,7) ~ (6,9)), 
et, par récurrence sur 7, que 
Vin, uty = VV Vig V © © V Lys (i Lia L'o << wy) 
done en particulier que (v;) est un système simple de générateurs. 
De (16.3) et (16.42) on tire que 
h* (Uin us), (is <i: <` < i), 


ne contient jamais de terme de la forme u,@ u; d’où les égalités v; V v; = 0. 
Enfin H= (Spin(10), Z) est engendré par tıs et par 


DS == H" (Spin(10), Z2) N A (Us, Us, Us, Ur ug); 

par définition des v, on a <D™, v,,5 = 0, et, vu (16.3), on a 

LT, Ve V Va = <T, Vo V Ve> (x e DS) 

Luis Ve V Voy = Clis Vis> = 1. 

Luiss Va V Vo> = 0» 
ce qui implique 5 

Vs V Vo = Va \ Ve + Vis. 
Remarque. Nous ne pousserons pas plus-avant l’étude de H,,(Spin(n), Z2), 

et nous bornerons à signaler qu’en s'appuyant sur les résultats des Nos. 15, 16, 


et sur un théorème non encore publié de H. Cartan on peut voir que cette 
algèbre n’est pas commutative pour n = 10. 


Principe de démonstration. Nous reprenons les notations de 12.1{c) et 
soit {1.4} une base de H, (Spin(n),Z,), duale de la base formée par les 
monômes basiques associés au système simple (u, u), (1 <i < n— s(n), % 
correspondant à un (1 5S i < n—s(n)), et Us sçn) à U Les wu; étant primitifs, 
on voit tout d’abord aisément que v; V t = 0 (1 <t< n—s{n)); si main- 
tenant H,(Spin(n),Z,) était commutative, Fapplication diagonale en ferait 
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une algèbre de Hopf, à laquelle on pourrait appliquer les résultats du No. 1; 
les éléments v, (1 <i<n—s(n)), feraient alors partie d’un système de 
type M lequel le dernier générateur v* = ,-s(n) mod. D serait de carré nul, 
(même argument que dans 14(iii)), et ainsi H,,(Spin(n),2.) serait iso- 
morphe à A(v1,° * *,Unstm). Mais alors, d’après H. Cartan, H*(B spin(n), Z2) 
aurait même série de Poincaré qu’une algèbre de polynômes à n— s(n) 
variables de degrés Du; + 1, Du + 1, ce qui contredit (15.5) pour n = 10. 


V. Les deux premiers groupes exceptionnels. 


17. Le groupe G,. On sait que le groupe compact G, peut être envisagé 
comme le groupe des automorphismes des octaves de Cayley; il est de rang 2 
et possède 14 paramètres. 


LEMME 17.1. G, contient un sous-groupe isomorphe à SU(2), tel que 
l’espace homogène G:/SU(?) soit homéomorphe à la variété de Stiefel Vz, des 
2-repéres orthonormaux de KT. 


Soient (&), (1eZ:), une base des octaves purement imaginaires, les 
systèmes quaternioniens étant les triplets (ei, eis, êa).+ Solent f, et fe deux 
octaves purement imaginaires orthonormaux, relativement à la métrique 
usuelle; posons f4 —f,"f, et soit fs orthonormal à fı, fz, fa; On voit sans 
difficulté que 


s = fz' fs fe = Ja" fo fr = fa fs, 


forment avec les fi, (1=1< 4), un système libre et que la correspondance 
ei— fi (ve Z,) définit un automorphisme des octaves, (pour plus de détails, 
voir N. Jacobson, Duke Mathematical Journal, 5 (1939), pp. 776-783). 
Cela montre :: 


(i) G, est transitif sur les systèmes fı, fe de deux octaves purement 
imaginaires orthonormaux, autrement dit sur Vz. 


(ii). Les éléments de G, qui laissent f, et f, fixes sont en correspondance 
biunivoque avec les vecteurs unitaires f; de l’espace à 4 dimensions orthogonal 
à fis fas fs, C’est à dire avec les points de $,; le groupe d’isotropie relativement 
à Fz, est donc homéomorphe à S:, il est bien isomorphe à SU(2). 


THÉORÈME 17.2. H*(G2,Z) possède un système de 2 générateurs ha, hı 
(Dh; = 1), jouissant des propriétés suivantes: 


(a) . ha == haa? = hs” . Rss = 0. 
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(b). H*(G.,2Z) est la somme directe faible des sous-groupes cycliques 
engendrés par les éléments Tordre infini ha, his, hs has et par les éléments 
d'ordre deux h3°, hs’. 


Compte tenu de la structure de H*(W32, Z), rappelée au No. 8, ce 
théorème résulte visiblement du: 


THÉORÈME 17.8. (a). H*(S, X V2, Z) est l'algèbre graduée associée 
à H*(G:,2) convenablement filtrée. 


(b). Pour p 2, H* (G, Zp) = A (ts, tu), (Dai = 1) ; les puissances 
réduites y sont triviales si pÆ5 et Pi (ag) = Uy. 


(c). H*(G.,Z.) possède un système. simple de générateurs universelle- 
ment transgressifs a, Zs, Te, (Daj, = i), liés par les relations: 


NG’ Es = Ls, Sqits = Te, NGT = 23, Sqi'x; — 0 sinon. 


Dans la suite spectrale de la fibration (Ga, Vz, S2) on a pour T =Z 


ou Zp 
EH, = H* (Vr T) © H* (8, Tr), 


(@ sur T), dot #, == Ea pour des raisons de degrés évidentes, ce qui établit 
17. 3(a). 

Considérons maintenant la fibration Spin(?)/G:—S;, (vow [1]), et 
soit ? Pinclusion d’une fibre. D’après le No. 8, 12.1(a) et 17. 3(a), on a 
pour les polynômes de Poincaré: | i 


P,(S7, t)+Pp(Ge, t) = Pp (Spin (7), t), (p nul ou premier), 


` 


et ainsi G, est totalement non homologue à zéro mod. p dans Spin(7),?? en 
particulier, H*¥ (Gə, a) admettra comme système simple de générateurs les 
éléments 1*(u;), (notations de 12.1({c), (1=1<38})), dot les Sq de 
17.3(c); Vélément de plus petit degré positif ts == 1*(u,) étant forcément 
universellement transgressif, il en sera de même pour 


Ts = KG T3 et Le = SQ°%Ts 
ce qui termine la démonstration de 17. 3(c). 


Enfin, mod. p impair, H*(Spin(?),2Z,) s’identifie canoniquement à 
H*(SO(%),2Z,), possède trois générateurs bı, b», ba de degrés 3,7,11 et 


11 Pour un choix convenable de générateurs universellement transgressifs a. 

121] Vest aussi relativement à la cohomologie entière, comme on peut le voir en 
montrant que l'algèbre spectrale sur Z de la fibration (Spin(7},Sx G) est triviale; 
cela résultera aussi de la remarque du No 23. 


À 
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H* (G, Zp) est l’algèbre engendrée par +*(b,) et 1° (bs), et 17.8(b) résulte 
de 8. 9. 


THÉORÈME 17.4. Pour p42, H(G, Zp) est une algèbre extérieure 
anticommutative, isomorphe à H* (G, Zp). 

H(G, Z) est une algèbre extérieure commutative, engendrée par 3 
éléments de degrés 3, 5, 6. 


C’est une conséquence de (2.8) et (17.3). 


18. Groupes opérant sur un espace fibré principal. Nous aurons 
besoin au No 20 de quelques remarques relatives à une situation souvent 
considérée par J. Leray (voir par ex. [14]) et aussi dans [8], aussi pour 
plus de clarté, voulons-nous énoncer ici, sous des hypothèses générales, les 
propriétés en question. 

Soient (E, B, G, q) un espace fibré principal connexe, de groupe struc- 
tural G, compact pour fixer les idées, U un sous-groupe fermé de G et N un 
sous-groupe fermé du normalisateur de U dans G. Les éléments de N définis- 
sent des homéomorphismes de Æ compatibles avec la fibration (E, E/U,U,s), 
(i.e. ils envoient fibres sur fibres) ; par conséquent W opère sur les algébres 
de cohomologie de ces espaces et sur Valgébre spectrale de cette fibration. 
Supposons dorénavant U connexe. On a alors les propriétés suivantes: 


(a). Par l'intermédiaire des translations, N/N N U opère sur 
H*(E/U,T),  H*(B,Y), 
en commutant à s* et en respectant la filtration de H*(E,T), (T, anneau de 
coefficients). 
(b). N/N NU opère sur l'algèbre spectrale (E,) de (E, E/U, U, s) pour 
r ZR; al commute avec l'isomorphisme canonique de Eœ sur He(E/U, T); 


sur £,°4 identifié canoniquement à H9(U,T), il opère par l'intermédiaire des 
automorphismes u >n u n, (ue U,neN). 


(c). St T est un corps, il existe un- isomorphisme d’espaces vectoriels 
gradués de Es sur H*(E, T) commutant à N/N N U." 


Ces propriétés, qui sont bien naturelles, se démontrent aisément si Von 


1 Cela signifie qu’à tout élément de N/N N U correspond un endomorphisme (de la 
structure d’algébre bigraduée) de H,, (7 = 2), commutant à d, et à x,a", cette corre- 
spondance étant homomorphique. N opère sur toute l'algèbre spectrale, mais N N U 
n’opére trivialement que pour r = 2, d’où cette restriction. 

14 Pour Eo il s’agit bien entendu du degré total. 
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remonte à la définition et aux principales propriétés de l’algèbre spectrale des 
espaces fibrés (résumées par exemple dans [3], § 4), et si l’on utilise pour 
définir cette dernière des couvertures fines de Æ et de #/U sur lesquelles N 
opère, (par exemple les cochaînes d’Alexander-Spanier). 

N agit aussi sur la fibration (E/U, E/G, G/U, q) en laissant chaque fibre 
invariante, et sur G/U envisagé comme espace des classes de restes à gauche, 
il opère par les translations à droite; ces opérations jouissent des propriétés 
suivantes, analogues aux précédentes : 


(d). N/NNU opère sur H*(E,T) en respectant la filtration, opère 
trivialement sur H*(H/G,T), et commute à q*. 


(e). Supposons G connexe: Alors N/N N U opère sur l'algèbre spectrale 
(E) (r = 2), trivialement sur E°, et commute avec Visomorphisme cano- 
nique de E,9 sur H1(G/U,T). 


(£). Si T est un corps il existe un isomorphisme d'espaces vectoriels 
gradués de E, sur H*(E/U,T) commutant à N/N N U= 


19. Homologie et cohomologie de F,, (résultats). F, est de rang 4, 
à 52 paramètres, il agit transitivement sur le “ plan projectif des octaves” W, 
variété à 16 dimensions, et le groupe d’isotropie est isomorphe à Spin(9), 
(voir [1]); dans W le complément d’une droite projective, (i. e. d’une sphère 
à 8 dimensions), est homéomorphe à R**, d’où 


(19.1) H*(W,2) = Z[x]/(x), (Dr = 8). 
THEOREME 19.2. (a). F, wa pas de p-torsion pour p> 2,3 et 
H* (Fa Zp) mm A (Ts, Tits Tiss Los) i (Da, == 1). 


(b). F, possède de la 3-torsion et 
H* (Fa, Z3) = Za[e]/ (2) © A (ts, Tr, Tir, Lis), (Dz = 8, Dr; = À). 


(c). F, a de la 2-torsion; H*(E,, Z) possède un système simple 
de générateurs universellement transgressifs Ta, Te, Te, 15, oa et H* (F, Ze) 
= H*(G. X Sis X Sos, Za) au sens du cup-produit et, pour D = 22, au sens 


des Sq*. 


(d). H*”(F Z) est additivement et multiplicativement isomorphe au 
produit tensoriel U © H* (G, X S;s, Z), où U est un anneau unitaire gradué 
dans lequel U? == U” = Z, US = U8. U8 == UM Za, Ut = 0 sinon; ses coeffi- 
cients de torsion sont donc égaux à 2, 3, ou 6. 
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Remarques. 


19.3. Les isomorphismes 19.2(a) et (b) sont bien entendu valables 
pour la structure additive et le cup-produit; nous obtiendrons également les 
renseignements suivants au sujet des puissances réduites : 


(a) » Pots = Tu PrE = tis 


(b). Pats = Ta Pati = dis, et x (notations de 19.2(b)), provient 
de x, par Vhomomorphisme de Bockstein (pour un choix convenable de t, s). 


19.4. Pour p È 5, on peut supposer les z; universellement transgressifs ; 
on a done toujours 
P pt; = Gp, j Ln, (dp; € Zp, k = Ri(p — 1) + j), 
et en particulier ?,* est identiquement nulle sur H*(F,,Z,) pour p = 13, 


iS 1. 


19.5. Nous ignorons si l’isomorphisme de 19.2(c) est valable pour les 
i-carrés en général; en fait, comme nous le verrons, la seule question qui reste 
à trancher est de savoir si Sq®z,, est nul ou égal à Tzs. 


THÉORÈME 19.6. Pour p 2,8 H (Fa, Zp) est une algèbre extérieure 
anticommutative, tsomorphe à H*(F4 Zp). 


H,(F,, Z2) est une algèbre extérieure commutative engendrée par 5 
éléments de degrés 3, 5, 6, 15, 28. 


Cela résulte de (2.8) et (19.2). Le reste de ce travail est consacré à la 
démonstration de 19.2, 19.3 et 19. 5. 


20. L’homomorphisme %*: H*®(F,/Spin(92), Z) > H°(F,,Z). Nous 
choisissons une fois pour toutes une suite de sous-groupes emboités 
F, > Spin(9) D Spin(8) > T 


où T est un tore à quatre dimensions, maximal dans chacun des trois autres 
groupes. Nous considérerons les projections naturelles 


F,—“> F,/Spin(8) -Ê> F,/Spin(9) = W et y= Boa 


Soient Ng le normalisateur de T dans G et # (G) —Ne¢/T, (G =F, 
Spin(9), Spin(8)). Ce dernier est le groupe de Weyl de G, qui s'identifie 
au groupe des automorphismes de T (ou du revêtement universel de T), qui 
sont induits par les automorphismes intérieurs de @ laissant T invariant. 
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LEMME 20.1. &(Spin(8)) est invariant dans S(F,) et O(F,)/&(Spin(8)) 
est isomorphe au groupe o, des permutations de 3 objets; Np, fait partie du 
normalisateur de Spin(8). 


Bien que nous ne puissions guére indiquer de référence précise, ce lemme 
est connu et résulte trivialement de propriétés classiques de F,, et nous en 
donnerons la démonstration sans entrer dans tous les détails.!f 

Pour un choix convenable des coordonnées 2; dans le revêtement universel 
Rt de T, les racines de F, s’écrivent, en omettant le facteur 27 V— 1: 


(20. 2) +X Æ T; (4 < 4), 
(20.3) 1/2 (4 oy EE ETUIS ET (51:54), 


où (20.2) est l’ensemble des racines de Spin(8). Soit S*, la transformation 
contragrédiente de la symétrie à Vhyperplan « == 0°; de la formule 


S*,(B) = B —2(a, B) (a, a), (a, B formes linéaires sur R*+), 


où ( , ) est le produit scalaire défini par la métrique,’® on déduit immé- 
diatement que le système (20.2) est invariant par les symétries S*,, où 2 
parcourt les racines de F,; comme le groupe de Weyl d’un groupe de Lie 
compact connexe G est engendré par les symétries aux hyperplans obtenus en 
égalant à zéro les racines de G, il en résulte que @(Spin(8)) est invariant 
dans @(¥,). 

©(F,) et &(Spin(8)) sont d’ordres respectifs 192. 6 et 192; leur quotient 
est bien d’ordre 6; on vérifie directement, ce que nous ne ferons pas, qu’il est 
isomorphe à ø; (en fait au groupe des permutations de trois des sommets d’un 
simplexe fondamental de Spin(8)); on peut du reste s’épargner cette 
verification en s’appuyant sur des résultats connus: En effet, nous avons 
vu que (F,)/B(Spin(8)) est un sous-groupe d’ordre 6 du quotient 
P (Spin(8))/&(Spin(8)), où &’(Spin(8)) est le groupe de Cartan de 
Spin(8), c’est à dire le groupe de tous les automorphismes de =+ laissant le 
système des racines (20.2) invariant, et l’on sait que ce quotient est isomorphe 


4 
à ait 


16 Pour tous les résultats de la théorie des groupes de Lie utilisés ici, voir par 
exemple E. Cartan, loc. cit., 0.7, F. Gantmacher, Ree. Math. Moscou N.S. 5 (1939), 
101-144, E. Stiefel, Comm. Math. Helv. 14 (1941-42), pp. 350-380. 

+6 Au sens de la métrique définie par la somme des carrés des racines de F,. 

*7 Ce n’est qu’une autre maniére de dire que la quotient du groupe des automor- 
phismes de Spin (8) par le sous-groupe des automorphismes intérieurs est isomorphe à 
S, (principe de trialité) ; en somme, (20.1) montre que tous ces automorphismes sont 
induits par des automorphismes intérieurs de F4. 


GROUPES DE LIE COMPACTS CONNEXES. 333 


Enfin, les automorphismes t > n-t-n7 (te T,neNr,) laissant le système 
(20.2) invariant, il est clair que Nr, est dans le normalisateur de Spin(8). 


LEMME 20.4. Au point de vue additif, 
HY(F,/Spin(8),2) = H*(W, Z) @ H*(S:,2). 
En effet, Spin(9)/Spin(8) = Ss, le terme 
E, = H*(W,2) © H*(S,, Z) 


de la suite spectrale de la fibration (F,/Spin(8), W, Ss) ne contient que des 
éléments de degrés pairs et est donc égal à Ee. 


LEMME 20.5. La représentation de o, = Nr,/Nr, OQ Spin(8) dans 
HS(F,/Spin(8),Z) induite par les translations à droite est fidèle. 


Il suffira évidemment de montrer que la représentation correspondante 
dans H®(F,/Spin(8), R) est fidèle (& corps des réels). 

Relativement à À, Spin(8)/T est totalement non homologue à zéro dans 
la fibration (F,/T,F,/Spin(8), Spin(8)/T), ([3], Prop. 26.1 et Cor. à la 
Prop. 18.3), donc 


Eo = E, = HY(F;,/Spin(8),R) @ H* (Spin(8), E), 


(ce qui du reste résulte aussi du fait que Æ, ne contient que des éléments de | 
degrés pairs d’aprés la formule de Hirsch). 

Par ailleurs, si T est un tore maximal d’un groupe de Lie compact 
connexe G, la représentation naturelle de 6(G) — N7/T dans H*(G/T, R) est 
équivalente à la représentation régulière d’après J. Leray ([14], Prop. 11.1, 
ou [3], Lemme 27.1). En appliquant les remarques du No. 18 au cas 


E=G6=F, N=Ns U—f, 


on voit donc que Es (resp. 1 @ H*(Spin(8)/T, &)), est espace de la repré- 
sentation régulière de &(#,), (resp. &(Spin(8))), et que (Spin(8)) agit 
trivialement sur H*(F,/Spin(8),k) @1. Il s’ensuit évidemment que la 
représentation de o, —®(#F,)/&(Spin(8)) induite dans ce dernier espace 
est la représentation régulière, et les 2 sous-espaces invariants de dimension 
2 HS(F/Spin(8),R), HS(FSpin(8),R) sont espaces de la représentation 
irréductible non triviale de o3, qui est fidèle comme on sait. 


LEMME 20.6. On a a* (38x) pour tout ce H®(F,./Spin(8), Z). 


@(Spin(8)) opère trivialement sur H*(F,,Z) (puisque ces opérations 
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sont induites par des translations homotopes à Videntité), fidèlement sur 
HS(F,/Spin(8),Z) et commute à a*; soit v un élément ordre 3 de as, 
et soit À l’automorphisme de HS(F,/Spin(8),R) ou de H®(F,/Spin(8),Z7) 
qui lui correspond; cet espace étant de dimension 2 et la représentation étant 
fidèle, ’automorphisme À n’a pas de valeur propre réelle, et légalité 


(A+ A +1) (4—1) = 4—1 =0 
entraîne 
A+ A+t1—0 


a*(A?(x) + A(s) +2) = 0 
et le lemme, puisque 


a*(A(tr)) = A(a*(e)) = a* (2). 


PROPOSITION 20.7. L'image de y*: H®(W,2Z) — HS(F,,7Z) est égale 
à H®(F., Z) ; elle est soit nulle, soit isomorphe à Za. 


On obtient la seconde assertion en appliquant (20.6) à B*(x), où zx 


engendre H*(W,Z). Pour établir la première il suffit de remarquer que dans 
l’algèbre spectrale sur Z de la fibration (Fa, W, Spin(9),#), on a, vu (12.1): 


8H. = ES? = HS(W, Z) 
d’où 
D, B® et y*(H®(W, Z)) = H° (F, Z). 


21. Cohomologie mod. p de F,, (p £2). Nous voulons démontrer ici 
19.2(a), (b) et 19.3, en déterminant Valgébre spectrale mod.p de 
(Fa, W, Spin(9), y). On a 


B, =H* (W, Zp) Q H* (Spin (9), Zp) = Zp[2]/ (2°) ® A (Ba, bas ba ba) 
(Dr == 8, Db; = 4i — 1, b; universellement transgressif). Evidemment, 
E == Pa. ' 


Soit p +4 2,3; on tire de (20.7) que y*(32) = 0, ce qui n’est possible 
que si 


dsx (1 @ be) == x? (c£ Q 1), (ce Zp e0); 
les dg-cocycles forment done la sous-algèbre 


H*(W, Zp) & A (b1,b, ba) + g? © ba @ A (bi; bs, b4) 
et 


ds (Es) = (£) ® A (ba bs, ba) ; 


4 
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ainsi, Hy est l’algèbre extérieure engendrée par les éléments ka (° ® b) et 
k? (1 ® b:), (1—1,8,4), de degrés 23, 3, 11, 15. Les différentielles d, 
(r= 9) sont nulles sur les deux premiers; d’autre part on voit que 


E21? = EF, — 0 


et les différentielles d, (r 22) seront donc toutes nulles sur les éléments 
transgressifs 1 © b, et 1 @ b; cela montre que d, = 0 (r= 9), d’où (compte 
tenu de la Prop. 8.1 de [8]): 


AN (Ea; C11, Bass Los) = Hy = LH, st H* (Fa, Zp). 


Les polynômes de Poincaré de F, en caractéristique zéro et mod. p (p = 5), 
sont done égaux, d’où l’absence de p-torsion et 19. 2(a). 

De plus, on peut prendre comme générateurs Ss, %1,2,5 les éléments 
univoquement déterminés tels que 


U* (Leja) = bj (j = 1, 8, 4, à inclusion de Spin(9) dans F4), 


et les formules 
Posts = Dir, Pts == 16, 
résultent de (8.9). 
Soit maintenant p = 3. L’algèbre H*(W,Z) ne contenant pas d’élément 
non nul de degré 4 ou 12, les éléments universellement transgressifs b, ba 


sont des cocyeles pour toutes les différentielles, autrement dit font partie de 
. l’image de 1*; il en sera alors de même pour 


bo = Ptb: et ba == P tbs 


(voir (8.9)), Spin(9) est totalement non homologue à zéro mod. 8 dans F,, 
d’où, compte tenu de (7.4): 


H* (F,, Zs) = Eo =E, = H* (W, Z:) ® H*(Spin(9), Zs) 


ce qui établit 19. 2(b) ; on voit en outre que l’on peut prendre comme système 
3-semi-libre de générateurs de H* (F4, Za) des éléments x; tels que 

Ts = Y” (æ), (tan) = b; (lSj34) 

Tr = Pts, Tis = Pata; 


Enfin, y* (H° (F, Z)) est 4 0 done (20.7) d’ordre 3, d’où le fait que pour 
un certain multiple 2’, de 4, on a 


}* (£7) = T's 5* (Te À T'a) <= Le 


($*, homomorphisme de Bockstein), ce qui termine la démonstration de 19. 8. 
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Remarque. Nous venons de voir que H*(F,,Z) 40, ce qui, vu (20. 7) 
donne : 


(21. 1) HH? (Fs, Z) == La. 


22. Cohomologie mod. 2 de F,. H*(Spin(9),Z.) possède un système 
simple de générateurs universellement transgressifs de degrés 38, 5, 6, 7, 15, 
(15.2), et Tautre part y*(H®(W, Z.)) = 0 d’après (20. 5); on pourrait en 
déduire comme précédemment la structure de l’algèbre spectrale sur Z, de la 
fibration (F,, W, Spin(9),y) et le fait que H* (F4, Z2) a un système simple 
de générateurs de degrés 8, 5, 6, 15, 23. Cependant, pour obtenir quelques 
précisions supplémentaires sur les i-carrés et la transgression, nous retrou- 
verons et compléterons ce résultat par une méthode légèrement différente, qui 
détermine aussi la cohomologie mod. 2 de Spin(9), mais utilise celle de G». 
Nous choisissons une fois pour toutes une suite de sous-groupes emboîtés : 


tels que Spin(9)/Spin(7) = Sı; et Spin(7)/G, = S, (voir [1]), et soient 


À, p les projections naturelles 


F, F/G, > F,/Spin(9) = wW. 


LEMME 22.1. H*(Spin(9)/G.,Z) = H* (S: X Sis, Z) = A (Ur Wir), 
(Du; = 4), 


En effet, l’algèbre spectrale sur Z de la fibration 
(Spin(9)/G2, Spin(9)/Spin(7), Spin(?)/G2) = (Spin(9)/G2, Sis, Sz) 


est visiblement triviale. 
LEMME 22.2. Hi(F,/Ga, Z) =0 pour 0 < i < Y, i = 9; A* est un iso- ` 


morphisme de H*(Fs/G2,Z) sur HS(F:,Z2); en particulier, vu (21.1), 
. He (F/G, 2) = Zs. 


La première assertion résulte du fait que dans l’algèbre spectrale sur Z 
de la fibration (F./G., W, Spin(9)/G:, p) le terme E, n’a aucun élément 
non nul de degré total 1, pour 0 < i < 7, i =9. 


On en déduit, à l’aide de (17.2), que dans l’algèbre spectrale sur Z de 
(Fa, F,/G:, G>», À) : 


Ept—=0, (pt+q=%g>0); Heo == °F, 


à \ | 
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+ e e H 
ce qui implique - 
E = HE — SH, 


donc que A* est un isomorphisme sur en dimension 8. 

LEMME 22.3. Soit p3. Alors H*(Fi/Gs, Zp) = H* (Sis X S23, Zp) ; 
en particulier, F,/G, wa pas de p-torsion. 

Dans l’algèbre spectrale mod. p de (F./G2, W, Spin(9)/G2, p), on a 

E, = H*(W, Z,) @ H*(Spin(9)/G2, Zp) = Z,[¢]/(2*) © Au, Uis) 
(Dg == 8), d’où 

E, = Hs; durs (1 © uis) = 0; 
mais le lemme précédent montre que 
HY? (F/G. Zp) = H? (F/G Z) @ Zp = 0 
ce qui n’est possible que si 
desks’ (1 8 ur) = kx (18 1); 

on en déduit immédiatement que 


Eo = Hy = A(T © uz, ts) 
et le lemme. 


PROPOSITION 22.4. Le groupe G, est totalement non homologue à zéro 
mod. 2 dans F,; H* (Fa, Z2) est isomorphe à H* (G3 X Sis X Ses, Z2) pour la 
structure additive et le cup-produit, et, au moins pour D © 22, au sens des 
1-carrés. 


Nous désignerons par + l'inclusion de G, dans F, et par Ys, Ys, Ye les 
générateurs universellement transgressifs de H*(G:, Za). 

HS(F:/6G2, Z2) étant nul d’après (22.2), l’image par transgression dans 
F, de y, est nulle, autrement dit y, fait partie de l’image de ië, et il ne sera 
de même pour 


Ys = Sq?ys, Ye = Ys" Ys- 


Ainsi, G, est totalement non homologue à zéro mod. 2 dans F4, et dans l’algèbre 
spectrale de (F4, F4/G2, Ga, À), on a, vu (22.3): 


Es = E, = H* (F/G Za) ® H*(G., Zo) = A (4s; Yon) @ A (Ya Ys, Ye) 


(Dy, =t), et ([3], Prop. 8.1), H*(F,,Z:) possède un système simple de 
générateurs Ts, Zs, Tes Tis, ag tels que 


5 
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v* (a) = Ye (i Tone 3, ð, 6), 


(22. 5) | | 
A* (4i) = ty (i = 15, 23). 


En fait, pour des raisons de degrés évidentes, les éléments 2%, £s, £e sont 
unwoquement déterminés par 22. 5, et engendrent une sous-algébre isomorphe 
à H* (G2, Z2), ce qui, compte tenu de (7.4) et de (17.3), donne 


H* (Fi, Za) = LB == H* (Ge x Sic xX So, Zo) 


Sq’a, = Ts, Sq'as = Le, KGT = Lo, Oqe = 0 sinon, (j = 6), et, joint 
aux égalités 
Sqizıs —d*(Sqtyse) — 0 (0<iS%), 
KG Tas = A” (Sq*yo3) = 0 (1 > 0), 


démontre (22.4), (19.5), et (19.2(c)), mis à part cependant le fait que 
les x; sont universellement transgressifs, qui fait l’objet de la Proposition 22. 7. 


LEMME 22.6. Les générateurs Yıs et Yos de H*(Fs/G2, Z2) sont trans- 
gressifs dans la fibration (Bes Br, Fa/Gr2, p(G2, Fa)). 
Dans l’algèbre spectrale mod. 2 de cette fibration, on a évidemment 
Epa — 0, (q & 0, 15, 23, r = 2), 
Yis est done transgressif et de plus 
Ep = EP, (p +q < 15), 
en particulier p*.(G2, F4) est un isomorphisme sur pour D < 15; mais d’après 
17.8 et la Prop. 19.1 de [3]: 
H* (Bey Z2) = Za[ Va Vo, vr] (Dv: = à), 


d’où 
E, == EL — 0; 
ainsi, nous voyons que 
dr (E,98) C Enr — 0, (r = 2), 
et Yes est transgressif. 


PROPOSITION 22.7. Les générateurs x; (i == 3, 5, 6, 15, 23), de H*(F 4, Ze) 
définis par (22.5) sont universellement transgressifs. 


Cela est clair pour z, qui a le plus petit degré > 0, donc pour £s = Sq7a, 
et Ze = 2%,°2,. Considérons maintenant le diagramme 
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¥ 
Er, —— Be, 


4 Ÿ p( G2, Fa) 
Bos Br, 


où v est la projection naturelle: 


Er, = Eo, —— Be, = Ec/Co 


la restriction de v à une fibre G, est A et comme 415, Y23 sont transgressifs dans 
la fibration de droite, les éléments z, == A* (yı), (t= 15,23) seront trans- 
gressifs dans la fibration de gauche, c’est à dire universellement transgressifs. 


23. Cohomologie entière de F,. 


PROPOSITION 23.1. H*(F,/G:,2) est additwement et multiplicative- 
ment isomorphe au produit U © H*(S.;,Z), où U est une algèbre unitaire 
graduée définie par DW = US = Z, Ua UU = US = Zy, Ui— 0 sinon. 

On a vu (22.2) que A*: H®(F,/G., Z) —> H! (F, Z) est un isomorphisme 
sur, eb comme H*(F,,2Z;) = He (Fa Z) © Z, est engendré par un élément 
de carré non nul, il en sera de même pour H°(F,,2) et HS(F,/G2,2); 
cela va nous permettre de construire Valgébre spectrale sur Z de la fibration 
(F;/G:, W, Spin(9)/G2, x). On a, compte tenu de (22.1), 


E, = H*(W, Z) © H*(Spin(9)/6, 2) = Z[2]/(a*) O A (un tis) = Es 
dsk? (1 © uz) = x? (83r Q 1), 
deks” (1 8 tis) € E8 == 0, 
les dg-cocycles forment donc la sous-algébre 
x? © ur © À Ge + Z[z]/ (2) @ A (uis) 


et les d,-cobords forment 
(32) & A (urs); 


ce qui donne 
By = H*(W, Z)/(82) ® A (tas) + (0? ® ur) @ A (uss) = U ® A (in). 


Comme Eet? s40, il faut que disk (18 uis) soit nul, ce qui entraîne 
Es = Ee Ainsi, #, est formé d’un groupe Z en dimensions 0, 15, 23, 38 et 
d’un groupe Z, en dimensions 8, 16, 23, 31, ce qui montre déjà 
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Hi (F/G, Z) = tE pour 1 23 
H® (F./G2,Z) =Z ou Z + Z3; 
mais. par dualité de Poincaré, puisque dim. F,/G2 = 38, 
Tors. H#(F,/G2, Z) = Tors. HS(F,/G2, Z) = Tors. FE, = Z, 


ce qui prouve que H? (F/G, Z) = Z + Za = Ea done que H*(F,/G:2, Z) 
est additivement isomorphe à Ee; que cet isomorphisme soit multiplicatif 
résulte alors directement des faits suivants: (a) Fe est l’algèbre graduée 
associée à H* (F/G, Z) convenablement filtrée, (b) »* est un isomorphisme 
de H*(W,Z)/(8z) dans H*(F./G2,Z), (c) des représentants quelconques 


dans H* (F/G, Z) de uis et z? @ u, sont forcément de carré nul. 


PROPOSITION 23.2. Dans les notations de (22.1), H* (F4, Z) est addi- 
tivement et multiplicativement isomorphe à U © H* (G: X S45, Z). 


Tors. H*(G:,Z) ne contenant que des éléments d’ordre 2, le résultat 
précédent montre que 
Tor. (H* (F4/G2, 2), H* (Ga, Z)) = 0; 
dans l’algèbre spectrale sur Z de la fibration (F4, F4/G2,G2,) on a done 
(23.3) E: = H* (F/C, 2) © H*(G,, Z) = U Q A (urs) © H* (Ga, Z). 


Le plus petit degré-base > 0 est 8, les différentielles d, (2 Sr 5 7), sont 
donc nulles; par ailleurs H*(G2,Z) est engendré par deux éléments Ys, Yı 
d’après (17.2); les différentielles d, (r = 8), sont évidemment nulles sur 
kr (18 yz), de plus elles annulent aussi x? (1 © y,:)car E, = 0; ainsi finale- 
ment d, = 0 pour tout r= 2, Fe est isomorphe à Æ, et ses coefficients de 
torsion sont égaux à 2, 3, ou 6; en explicitant (23.3) on obtient: 


12 Up, = F168 — 0 


2277 — E214 = Za, 
par conséquent : 


(23. 4) H? (Fa, Z) = H" (F, Z) = (); HH”? (F 4, Z) = La. 
Soit z’; e Hi(F,,Z) tel que | 
i* (2i) =Y . (j = 3, 11, îi inclusion de G, dans F,), 


y; étant le générateur de H* (G, Z) mentionné dans (17.2). Les égalités 
(23.4) montrent que 
Tat = TT — 
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et aussi que 7'11? = 0 car si cet élément était non nul, il devrait être d’ordre 
deux; +, et +’, engendrent done une sous-algébre isomorphe à H*(G:, Z), 
et l’isomorphie additive et multiplicative de H* (F4, Z} avec 


| FE, = E, = U © H” (G X Sis, Z) 
résulte de (7. 4). 


Remarque. Nous avons vu que dans Palgèbre spectrale sur Z de la 
fibration (F,, F;/G:, Ga, À) 


Bq = Ey = H*(F,/G2, Z) © H* (Ga, Z) ` 


par conséquent, G, est totalement non homologue à zéro dans F, relativement 
à la cohomologie entière. 
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ON A PROBLEM OF PARTITIONS IL* 


By ALFRED Braver and B. M. SEELBINDER. 


A number of years ago, the first of the authors studied together with 
I. Schur the following problem of Frobenius: Given k relatively prime positive 


integers @,,a2,° ° -,@, find bounds F(a, @,° * * , ax) such that the linear 
 Diophantine equation 
(1) n = yy + Gode F + Opty 


always has solutions in positive integers 2, Ta, °° , 2y for n > Fa, Ga `, &y). 
In a paper appearing in vol. 64 (1942), pp. 299-312 of this JOURNAL, 


the following results were obtained: Let d, == @ d= (th, @2),° * * , dx 
== (d1, @2,° * `, är) = 1 be the greatest common divisors. Then 

T — T(t, Qo, RE y) Es det, / de + Gsdo/d3 + DE” + Ody + / Er 
is such a bound F (ai, @,- © °, ar). For k= 2 this bound becomes T = aja, 


and it is the best possible bound. But T is not, in general, the best bound. 
For instance, if q—m, @=m +1, a,--m+2 are three consecutive 
integers and m is even, then T(m, m + 2, m + 1) = mm + 2)/2 + 2(m + 1) 
= (m? + 6m + 4)/2 is the best possible bound, while 


min {T (m, m + 1, m -+ 2), T(m, m -+ 2, m -+ 1), T(m +1, m+ 2,m)} 
=m? + 2m + 2 


does not give the best bound for odd m. Here (m? + 5m + 4)/2 is the best 
bound, since for the case of k consecutive integers 


U(m,m-+-1,m+ 2,-+°+,m-+h—1) 
— [(m + k*—8)/(k—1)]m + (#—k—2)/2 


was shown to be the best bound.t Moreover, it was proved that T is the best 
bound if the integers ax/d, are representable in the form 


(2) ati > PT 


* Received August 14, 1953. 
+ Loc. cit. Theorem 7, p. 310; on p. 301, 1. 6, the factor m is missing in the formula 
for U. On p. 306, 1. 20, the summation should extend to « instead of k. 
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with yx,=0 for «x= 3,4,:--:,k. For & —3 the condition is not only 
sufficient but also necessary in order that T be the best bound. It was stated 
(loc. cit., p. 301) that the condition (2) is not necessarily for & > 3, but this 
is not correct. 

It will be proved in this paper that the condition (2) is necessary for 
every & in order that T be the best bound. Moreover, if (2) is not satisfied, 
then T* = T — min (t, d2,° ` ©, ap) = F' (Qi, Q2, * +, ax) is a smaller bound 
for the solvability of (1) in positive integers. First we prove the following: 


Lemma. Let a," + +, a, be relatively prime positive integers. Then 
every integer m is representable in at least one of the forms 


(3) M = 04%, + lta + ` * + tr (te > 0 for k= 1,2,- - -,k), 
(4) m = T — a0, — at: —'* + *— Oy (Ue = 0 for k= 1,2,---, 4). 


Proof. Since (ax, dya) = 1, the congruence azy == m (mod d;,:) has a 
solution such that 0 <= dx: We set m = axe,+ dy:1gx Next con- 
sider the congruence 


(5) Ga == dir: (mod dy). 


Because dyp- = (Gi, Gas * * *, Que) and dys = (G1, a," ` * 5 Apr) = (dr-o; Gx1), 
we can divide (5) by dy and obtain 


(6) Ap-1%r-21/ Ana == Jk (mod dy-2/ dy) . 


Now (az1/dn1 dy2/dy+) == 1, hence (6) and (5) have a solution 24. such 
that 0 < 2,4 = dyo/drs Hence we may set m = Qyèg + k-81 + drg k- 
We continue in this way and obtain by induction 


(7) M == Akr + Area °° * + lta + digs, 
where 
(8) 0 L Bri = Ar-i-3/ y (4 = 0, Igi a ',k— 3). 


If g, > 0, then it follows from (7) that m is representable in form (3), since 
dı =a. Assume now that gi 0. Let g,——h. Adding and subtracting 


art 
he 


T in equation (7) we obtain 


m = T ES Gist, / de TR dsdo/ds Se er Ardy / dy 
-+ Onn + arara + + Gore — dih 
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or, replacing d, by a, 
m= T — ah — a (a/d cee Zo) =a as(de/da —— 23) sus ue ax (dr1/ dr ETS Zn) > 


Since all the parentheses are non-negative by (8), it follows that m is 
representable in the form (4). 


THEOREM 1. If at least one of the integers ax/dx (k—3,4,: <+, k) 
is not representable in the form 


1 
(9) Ox / dk ate 5 AY xy | Ari with Yxp = 0, 
= 7 yzi 


then T (a, a," © - , ap) ts not the smallest bound. 


Proof. For k= 3 this was proved loc. cit. Let us assume that the 
theorem is true for k— 1. Let «x be the smallest integer for which (9) does 
not hold. We have to consider two cases. 


The case k< k. Set 


(10) Tg == T (a,/ax, G2/ dr, EAE a arf dx) 
= (dod; /de + Gado/ ds -+ oe + Gxdx-1/ dk) /de. 


Tt follows from the inductive assumption that T is not the smallest bound. 
Hence the equation 


(11) Tr (Gaby + lt + + > + Ox te) /ds 
has a positive solution 2%, Ze, : + +, Se. On the other hand, by (10), 
(12) T = T (a, Mas * `, Qy) 


Te dx Tx + Ona dn/ Besa ~~ Qn+2 Aes / dese + Nes + AnAy:1/ dy. 
Hence 


T = A121 + Ast, ++ + + + Axe 
-+ xsd / Aisa + Ak dks / rs + dE + axdr-1/dr 


by (11). Since dx/drss Aes /desey* * * dx./ dx are positive integers, T is not ` 
-the best bound. | 


The case k= k. Since a, cannot be represented in the form (9), the 
number Tı — a, cannot be written in the form 


kL 
Tr- — 2 GyYrv/ Aya (Yur = 0) ‘ 
p= 
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Therefore, by the Lemma, Ty: — a, can be represented in the form Ty: — a, 
= (mE F l£ + + Gpatri1)/dys, where £i, Te, ° *, tx are positive 
integers. Hence, by (12), 


T = dral ra + Axdz-1/ dr == GT À a2 te + Akat- + Rardr-1. 


Choosing x, == 2d;_, we obtain the representation for T. Hence T is not the 
best bound. 


THEOREM 2. If T is not the best bound, then the best bound is less 
than or equal to T —min(a, d2,° > +, ax) == T*. 


Proof. We can formulate the Lemma in the following way: If for an 
integer m the number T — m cannot be represented in the form 


(138) | T — m == Oh, + dote + + ante (tk Z 0), 
then m can be represented in the form (3). Let r be any of the numbers 
1,2,+ + +, min (Qs, 0a t, ay) — 1. We set T—r= R. Since 

r < min (dy, G2,‘ * +, x); 


r—T—R cannot be represented in the form (13) and it follows that R 
can be represented in the form (3). Hence all of the numbers greater than 
T* can be represented in the form (8). 


UNIVERSITY OF NORTH CAROLINA. 


FOOTNOTE TO A RECENT PAPER.* 


By ANDRÉ WEIL. 


In a recent paper, L. Carlitz [1] has given formulas for the number of 
solutions of special pairs of equations F —a, G = b, where F, G are quadratic 
forms over a field k with q elements, q being odd. More complete results 
may be obtained more briefly by the same method. Observe first that, if N 
is the number of solutions of F = a, G = b, and if N’, N” are the numbers of 
solutions of F = G =Q and of F — at? = G— bf = 0, respectively, where 7 
is à variable not occurring in F, G, then N = (¢q—1)7*N” — N’; so it is 
enough to consider the homogeneous case. F = G — 0, where F, G are quadratic 
forms in any number of variables x, 2,: - *, €n, which may of course be 
assumed to be linearly independent. By det(F), if F = > ayz;z;, we under- 
stand the determinant of the coefficients a, We put 


pu, v) = det (uF + vG}; 


this is a form of degree n + 1 in u, v, which may be identically 0. 

Let y be any non-trivial character of the additive group of the elements 
in k; let x be the character of order 2 of the multiplicative group of non-zero 
elements in k, i. e. x(x) == 1 or — 1 according as x is or is not a square in k, 
and x(0) == 0. Then the Gaussian sum g = 3) x(x)y(x) satisfies g? = y(— 1)q. 
Carlitz’s method depends upon the following well-known and elementary fact: 
if the quadratic form H(2%,--+-,2%,) is equivalent over k to the form 


m 
2 CY, where the c; are 0 and 0 <m <n, then 


2 WLH (To * +, En) ] = x(Cotr* * * Cm) g™gr™, 


L 


so that in particular, if det(H) 540 and therefore m — n, the left-hand side 
has the value y[det(Z) ]g**?. | 


Now, calling N the number of solutions of F = G — 0, we observe with 
Carlitz that we have 


N = ° E y(uF y(v@) = q° X (Sy(uk + v)), 
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and evaluate the last sum by the above formula. For u = v == 0, we get g"*1. 
For ¢(u, v) £0, we get xlọ (u, v)]g™. Let now bou — apv, for 1 =p S71, 
be all the essentially distinct linear forms with coefficients in # which divide 
(u,v) ; two linear forms which differ only by a constant factor are not to be 
reckoned as essentially different. If is identically 0 we have r=-q-+1, 
otherwise rn+1. Let mp + 1 be the rank of Hp = apF + BG; let Hp be 
equivalent over k to >) cpiy:°, where 0 [1S mp, and put Cp = Cpolpr* * * Comp. 
Then we get i 


N == gt -+ ggg n > qe me- gm T p 
p 


where S and the T, are defined by 


S= © xl¢(uv)J, To £ x(Cpim). 
(u,v) 70 t540 
Clearly the latter sum is 0 if mp is even, and has the value (¢-—~1)y(Cp) if 
Mp is odd. In the former sum, the restriction ¢ (u,v) =£ 0 may be removed, 
as x(0) = 0; replacing u,v in it by ut, vt changes S into y(é"**) 8, so that 9 
is 0 if n is even. If n is odd, it is clear that we have S = Ñ — q*, where Ñ 
is the number of solutions of #? — ¢(u, v) and is related in an obvious manner 
to the number of points on the hyperelliptic curve y? = #(x, 1). Specializing 
this to the case considered by Carlitz, one gets all his results immediately. : 
For a non-singular variety V in a projective space over a field k with q 
elements, I have defined ([2], p. 507) a zeta-function Z(U) by the formula 


D log Z(U) = S.V,U", (D = d/aU), 
1 


where N, is the number of points on V ‘with coordinates in the extension 
k, of degree y of k. Now, for the variety defined by the pair of quadratic 
equations F = G == 0 to be non-singular, it is necessary and sufficient that 
(u,v) should not be identically 0 and should have no multiple linear factors 
in any extension of k (i.e., that its discriminant should be +0). If that 
is so, then, with the same notations as above, mp cannot have any other value 
than n— 1. If therefore n is odd, the Tp are all 0. The curve y? = ¢(z, 1) 
has here the genus (n—1)/2, and its zeta-function is known to be of the 
form 


Z(0) = (1— 0) (1—0) + ÍI (1a) 
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where the a, are of absolute value g%. Then the above formulas give, for 
the zeta-function Z(U) of the variety F = G = 0, the value 


n-2 n-1 
2(0) FL (1 — ah) TE (1 gg (— 1) 0,0) ; 


this seems to suggest some relationship between the intrinsic properties of 
the variety F — G = 0 and those of the curve y7—¢(z,1). On the other 
hand, one finds, when n is even: 


n-2 
Z(U) = II (1 a Uy II (1 rs gan(n-2)/2. (— 1) 22/7 UA), 
h=0 A 


where the dx and « are as follows. The d\ are the degrees of all the irreducible 
factors (u,v) into which (u,v) splits up over the field k; and, if ky is 
the extension of k of degree A, and byu — aw is a linear factor of ¢)(u, v) 
in ky, ex 18 1 or — 1 according as aF + baG is or is not equivalent over k 
to a sum of n squares. 

The same method still yields interesting results if one applies it to any 
number of homogeneous quadratic equations F, ==: : -= F, = 0, provided 
the quadratic forms F,’ * +, F, contain only the squares of the variables 
(this is the assumption made by Carlitz in the case r = 2, unnecessarily as 
we have shown). It gives a relation between the number of solutions of 
that system and the numbers of solutions of certain equations of the type 
E == P{u,: >>, us) where the right-hand side is a product of an even 
number of linear forms. In the case of a non-singular variety defined by 
three quadratic equations of the above form, one gets in this manner a fairly 
simple formula for the zeta-function. 

The above results provide additional evidence concerning the conjectures 
on the zeta-functions of non-singular varieties formulated in my article [2]; 
for a comparison with the topological properties of varieties defined by pairs 
of quadratic equations F == G — 0 over complex numbers, results of Hirze- 
bruch (still unpublished) are now available, which include the calculation of 
the Betti numbers of all non-singular complete intersections of hypersurfaces 
in a projective space. Since somewhat misleading statements have crept into 
the recent literature on this subject, it seems worthwhile to emphasize that 
all the evidence on hand (including some which is still unpublished) fully 
confirms those conjectures, not only as to the rationality of the zeta-functions 
but also as to the existence of the functional equation and the relationship 
with Betti numbers in the classical case. 

Naturally, one may also attach a function Z(U), defined by the same 
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formula as above, to varieties with singular points, to varieties in ‘affine 
spaces, etc., and it seems very likely that all functions defined in this manner 
are still rational; at least this is so in all the examples known to me at present 
where they can be calculated explicitly. However, the most trivial examples 
(e.g. that of a quadratic cone in a 3-dimensional projective space) show 
that such functions need not satisfy a functional equation of the kind which 
is typical for zeta-functions, so that it is not altogether proper to call them by 
that name. 


UNIVERSITY oF CHICAGO. 
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ON THE LOCAL BEHAVIOR OF SOLUTIONS OF NON- 
PARABOLIC PARTIAL DIFFERENTIAL EQUATIONS. 


II. The Uniqueness of the Green Singularity.* 


By PHILIP Hartman and AUREL WINTNER. 


1. Under the assumption that the coefficients of the partial differential 
equation 


(1) Uso F Uyy + d(T, Y) Ua + e(t, Y) Uy + F (2, y)u= 0 


are analytic functions of (#,y) for small 2? + y*, Bôcher [1], pp. 462-464, 
has shown that if u = u(x, y) is a O? (hence, analytic) solution of (1) for 
small positive x? + y? and satisfies 


(2) | u(x, y) >% 
as 27-1 y? —0, then 


(3) u (x, y) ~ Const. log (a? + yt) (Const. > 0). | 


Bôcher’s method depends on the use of the Green function belonging to the 
adjoint of (1). Thus, while his methods are applicable if d, e, f, instead of 
being analytic, are sufficiently differentiable, they cannot be used if it is only 
supposed that d, e, f are continuous. It will be shown, however, that his 
assertion is true under the latter assumption on d, e, f. The proof will 
depend on a device of Carleman [2], used in [5] for the study of local 
asymptotic properties of solutions of (1). 

It should be pointed out that.the proof below is limited to elliptic partial 
differential equations in two independent variables, while Bécher’s arguments 
and assertions can be generalized to the case of equations involving n indepen- 
dent variables. 

The main theorem to be proved is as’ follows: 


(*) Let a(z,y), b(x, y), c(t, y), where ac— b? > 0, be functions of 
class C* on 
(4) bP SR, 
normalized by a(0, 0) — 1, b(0, 0) = 0, 6(0, 0) = 1. Let d(e, y), e(z, y), f(a,9) 
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be continuous functions on (4). Let u —u(x,y) be a function of class C? 
on 0 < 2° + y? Sf satisfying 


(5) ge + busy + Cuyy + dus + euy + fu = 0 


or, more generally, let u(x, y) be of class © on 0 < x? + y= KR? and satisfy 


(6) f (bus + Cuy) dz — (au, + buy) dy = Sf (dus + eu, + fu)dady 
J E 

for every simply connected set E bounded by a piecewise smooth Jordan curve 

J'imO< HPA. Finally, as 2° + y? — 0, let (2) hold. Then (3) 

holds and, in fact, as x? + 4? — 0, 


(7) lim (s + iy) (ty + dus) = c1 + tez exists and cı = 0, C2 £ 0. 
The assertion (7) means that, if z == r cos ġ, y =r sin 6, 
ug(T, Y) = car cos ¢ + o(r*), Uy (£, Y) = cr sin d + o(r*), 
as r—> 0, uniformly in ẹ. Thus, the quadrature 
h 
ult, y) = — f (uz cos p + uy sin db) dr + u(R cos ¢, R sin b) 


r 


shows that (3) holds, as r— 0, with Const. == 4¢.( 0). 


Remark. It will be clear from the proof that (*) remains valid if the 
expression du, + eu, + fu in (5) or (6) is replaced by a continuous function 
of T, Y, Ue, Uy Which is majorized by a constant multiple of | uz | + | uy | for 
(2,4) on (4). 


2. Theorem (*) complements the following results on solutions u 
== u(x, y) of (5) or (6): Let the coefficients a, b, c, d, e, f satisfy the con- 
ditions of (*) and let u = u(x, y) be a solution of (6) of class C! on the 
disk (4) satisfying 


(Sm) U(T, y) = o (r™), as r — 0, 
for some fixed integer m =.1, 2, : -. Then 
(Im) | ta | = o(r™-*), | wy | = o (1) 


and, in fact, (7) can be replaced by the statement that 
(10m) lim (x + iy) ™ (uy + itis) exists (r— 0); 


[5], pp. 449-450. ‘ Also, if u==u(s;y) is a solution of class Ct on 
0 < x? + y*? = R? and satisfies (9m) for some integer m = 0, — 1, — 2, -:, 
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then (10m) holds. This last assertion was proved in [5], pp. 452-453, for 
m = 0 under the assumption that a = c = 1, b= 0 and f=0. It is easily 
seen that the proof (loc. cit.) remains valid for m = — 1, — 2,» - - ; the argu- 
ments in [5], pp. 462-464, show that there is no loss of generality in assuming 
a= c = ], b = 0 and the last part of the proof of (*) below shows that the 
same is true of the assumption f = 0. 

Curiously, the assertion that (10m) is a consequence of (9m) is false for 
every m (= 0, + 1,- " +) of the assumption that a, b, c in (6) are of class 
C: is weakened to the hypothesis that a, b, c are just continuous (even when 
d==¢==fs=0). In order to see this, consider (for small x? + y?) the binary 
elliptic system 
(11) | ` Va = buy + Ciy, Vy = — Ay — by, 
where 
a = (1—y°F/) (Q — F), b= (ayF/*) (1 — F)>, 


(12) 
c= (1—2°F/r’) (1— F)> 
and F= F (r) =1/logr or F(r)=0 according as pai (e Hypo. 
Clearly, (11) is the Cauchy-Riemann system (Beltrami) belonging to the 
positive definite metric 
ds? == (1 — 2? F'/r?) dz? — 2(ayF/1r?) dedy + (1 — 7 F/r*) dy’. 

The system (11) for the unknowns u, v is equivalent to the integro-differential 
_ equation 


(13) f (bus + Cuy) da — (aux + buy) dy = 0 


J 





for u alone. 
It was shown in [3], Appendix, that (11) has no solution u = u(x, y), 
v = v (T, y) of class CT in (4), with arbitrarily small À, for which the Jacobian 
ô (u, v)/ (x,y) is not 0 at (x, y) = (0,0); the system (11) was first con- 
sidered by Lavrentieff [7], p. 420, in a similar connection. 
Since F(r) is continuous for 0 = r < 1 and F(0) —0, the functions 
a, b, c are continuous on (4) when R < 1. Define p = p(r) by 
R n 
p(r) = exp(— f r1(1— F(r))#dr) or p(r) =0 according as r = 0; 
T 


so that, by the definition of F (r), 
(14) p(r) ~ const. r/(— log r)4, as r— 0, (const. > 0) 
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and p(r) has a continuous derivative given by 

(15) dp/dr = r*^p(r)(1— F(r) )* or dp/dr = 0 according as r = 0. 
For an integer k 540, put 

(164) u(x, y) = # (r) cos ko, v(@, y) = — p*(1r) sin ko, 


where z = r cos D, y =r sing. It follows readily from (15) that if k = 1, 
2,- < -, then (16) is a solution of (11) of class C+ on (4) (correspondingly, 
u(x, y) is a solution of (13)) and that if k = — 1, — 2,- - -, then (16) isa 
solution of (11) of class C* on 0 < t° ++ y? SR? (correspondingly, u(z, y) 
is a solution of (18)). It is clear from (14) that the function u(x, y) in 
(16,) satisfies (8m) if m—k. It is seen from 


Un = kr’ p*[ (1 — F)? cos à cos ko + sin ¢ sin kẹ], 
Uy = krtp*| (1 — F)4 sin ¢ cos kp — cos ¢ sin ko] 


and from (14), that (9,) also holds; in fact, both us and uy are majorized, 
as r —> 0, by constant multiples of r*?/(— log r)#. But (10;) does not hold. 
This proves the italicized statement for m = + 1,+2,:--. 

In order to prove the statement for m == 0, let F(r) be replaced by its 
negative, that is, in (12) and in the definition of p(7), let F(r) be —1/logr 
or 0 according as r= 0. Then (14) is replaced by | 


(14 bis) p(r) ~ const. r(— log r)4, as r — 0, (const. > 0) 


while the formula in (15) for dp/dr remains valid when r > 0. The func- 
tions (164) are of class C* and satisfy (11) on 0 < z? + 9? = À? (corre- 
spondingly, u(x, y) is a solution of (13)); they are continuous at the origin 
if k = 1 (but are not of class C* on (4) unless k > 1). The above formulae 
for uz, Uy are valid and show that ts and uy are majorized by constant multiples 
of r*1(— log r)? and are, therefore, o(r*) as r—> 0, if k—1. Thus, the 
function u—"u(x,y) in (16,) when k— 1 satisfies the condition (9,) 
corresponding to m = 0. On the other hand, (10,) does not hold. This 
completes the proof of the last italicized statement. 

It remains an open question whether or not (*) is true if the assumption 
of the Ct-character of a, b, c is weakened to the hypothesis that a, b, c are 
just continuous. (Note that, in the above examples, u==-—logp(r) is a 
solution of (13) on 0 < z? + 4? = F? satisfying (2), and that (3) and (7) 
hold.) If (*) is false under the weaker assumption, there remains the ques- 
tion whether or not the “infinity” of u is independent of the solution u 
satisfying (2). 
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3. Proor or (*): Tux case f= 0. Since ac—b? > 0 and a > 0,c > 0, 
standard procedures involving the use of conformal coordinates (Lichtenstein) 
show that there is no loss of generality in supposing that 


(17) a(z, y) =l, b(a,y)s20, (a, y) =1; 


cf. [5], pp. 460-464. Following Bécher [1], pp. 462-464, the proof of (*) 
will first be given for the case 


(18) f= 0. 


The general case will be deduced from the case (18). The identities (17) 
and (18) reduce (6) to | 


(19) f Uyd — Ugdy =f f (duy + euz) dedy. 
J E 


It follows from Corollary 1 of Theorem 1 in [5], pp. 449-450, that the 
zeros of the gradient of u, that is, the zeros of the complex-valued function 


(20) W == Uy + We, 


cannot cluster at any point (Zo Yo) (0,0). Note that the condition 
u (£o, Yo) — 0 of Theorem 1 of [5] need not be satisfied, since the integrand © 
on the right of (19) is a homogeneous linear combination of us and u, ` 
(so that (19) is satisfied by the function u(x,y) —u(%o, ¥o)). Thus the 
zeros of w are enumerable, at most. Hence (2) shows that there exist 
arbitrarily large constants c with the property that w(2z,y) —c implies 
w(x, y) 9. It follows that, if such a number c is sufficiently large and if 
ee > 0 is sufficiently small, the set of points z—2-+ wy satisfying 
u(z,y) =c is on the open ring € < z? + y? < R and, consequently, con- 
sists of one or more disjoint Jordan curves of class G+. One of these Jordan 
curves, say L = Le, surrounds the origin, by (2). On the other hand, 
u = (zx, y) cannot have a local maximum or minimum at any point (Zo, Yo) 
v= (0,0); cf., e.g., [5], pp. 449-450. Hence, the locus u(x, y) = c consists 
of the Jordan curve L = Le only. 


Clearly, u(x, y) =c on L means that, if z = x + ty, the expression 
wd2 == (uydx — u,dy) + i(u.dr + u,dy) 


reduces to — u,ds +-idu = — u,ds, where un is the derivative of u in the 
direction of the inward normal to L and s is the arc-length on J. The assump- 
tion (2) implies that un = 0 on LZ. Thus, on L, 


(21) — wdz = vds, where un = 0. 
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| Let S denote the ring-shaped domain bounded by L and the circle 
|z |= R. If (19) is applied to the domain E = £, then 


(22) f u,ds-—= — f E TE J f Wdady, 


L lz|=R 
where 


(23) W = dug + eu. 

Let K denote a constant satisfying 

(24) |d| SK, je|SK on |z| SR. 
Then, by (20) and (23), 


(25) IWI<K]|w| on |z| S&R. 
Hence (22) gives 
(26) f Unds = Li + KD,, 
L 
where 
(27) n= J de] and Da f So | de 
|z|=R 


The identity (19) implies that, in terms of the notations £ — é + ty, 
w(l) = w (£, 7); 


(28) Rariw(£) 
= f (z — £)-"*wdz — J (2 — £)"*wdz + SS C=O ‘Wdady 
lel=R 


if € is in 8; cf. formula (17,) in [5], p. 455. Hence, (21) and (25) show 
that 


(29) [WHEL f 12—t [2 mds + EDs, 
L 
where l 
(30) L= f |z— 6 | | wdz | and De SJ | z— é | | w | dedy. 
lzl=R 


Let (29) be integrated with respect to dédn over S. Then the inequality 


IKIER 


(31) J f 1e— th déin < tR ((21£2) 
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shows that 20D, <4xRI, + 4rR f uds + 4rKRD,. If this is ‘combined 
with (26), it follows that L 


(32) (2—8KR)D, S 8RI.. 
Let R be so small that 
(33) 4KR < 1. 


Since Z, does not depend on the inner boundary L of S, it is seen from (27) 
and (82) that w is absolutely integrable over |z | & R, 


(84) D <0, where D = ff | w | dady. ` 
SR 


Since the level curve L = Le: u(x, y) = c shrinks to the origin as c—0o, 
an immediate consequence of (22) and (34) is 


(35) lim f UndS == ÊTC2, 
C-> © 


* 


L 
where rte = — f (uyd — up,dy) + f f Wdzrdy. 


lel=R Izi ER 


The relation (34) will now be improved to 
(36) w(t) = 0O(] |=) as £0. 


To this end, let z = 29 be a point of S. If (29) is multiplied by | £ — zo | dédn 
and the result integrated over S, it follows from the inequality 


| ġ— zo |7 | 2z — E |7 S | z—zo (réf + | z —E |") 
and from (31) that | 


RrD; = Srl. + Sake f | 2—— é i Ny + 8rKRD»;, 
L 
if Zo is renamed £. In view of (33), this implies that 


De & const. (1, + f | z — ¢ | unds) ; 
L 


so that, by (29), 
2r | w (£) | S (1 + K const.) (2, + f | z — é |t unds). 
f | 


Since u, = 0, there exists a point 2—2* on L with the property that the 
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last line integral is | 2*— £|-? times the line integral on the left of (26). 
Hence (26) gives 


f 12—¢ [7 mds S | —¢ 9 + ED), 
L 


and so 
2x | w(t)| S (1 + K const.) {L + | 2* — ET, + KD,)}. 


If the constant ¢ defining the level curve L = Le: u(x, y) = c tends to œ, 
then z* tends to 0 and D, to the finite limit D; cf. (84). Hence the last 
formula line implies (36). 

The estimate (36) and the definition (30) of D, show that D, 
= O(log |é |) as £->0. Hence (21), (25) and (28) give 


(37) Bmiw(f) = O(1) + | (@—£)7 ads + O(log | ¢ |"), 
L 


as é—0. Since uw, = 0, applications of the mean value theorem to the 
real and imaginary parts of the last line integral show that there exist two 
points % == To + iY, 2° == 2° + iy? on L such that the last integral can be 
written in the form 


f Or mds = (odlat ile) funds. 
L L 


If the constant c defining L = Le: u(x, y) = c tends to œ, then both points 
Zo 2° of L tend to 0 and so, by (85), 


(38) f (z — E) nds > — Brez / É (c —>%). 
L 


Since w(¢) and the constants implicit in the O-terms in (87) are independent 
of c, it follows from (37) and (38) that, as £ — 0, 


w(¢) = ic2/¢ + O(log | é |). 


Consequently, the limit in (7) exists. It is purely imaginary, since the 
number cz, defined in (35), is real. 

It remains to show that e.40. If c= 0, then (9) holds with m == 0, 
and so (10) holds with m = 0. In other words, us and uy tend to (finite) 
limits as (x, y) — (0,0); im particular, us and uy, are bounded near 
(x, y) == (0,0). But this contradicts the assumption (2). Consequently, 
C25£0. This proves (*) in the case (18). 
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4. Proor oF (*): THE GENERAL case. For the general case, the 
following lemma will be needed: 


Lemma. If R> 0 is sufficiently small, then, under the assumptions of 
(*) on the functions a, b, c, d, e, f, there exists a function u == U (x, y) of 
class C* on (4) satisfying . 
(39) U (0, 0) 0 | 


and the relation (6) for every domain E bounded by a precewise smooth 
Jordan curve J in (4). 


This lemma is contained in [8]. Another method of proof of this lemma 
will be indicated. It can be supposed, without loss of generality, that (17) 
holds, so that (6) reduces to 


(40) UyAT — Ugdy = (dug + euy + fu) dxdy. 
frama fJ 


By standard methods of successive approximations (Korn, Lichtenstein), it 
can. be shown that if R > 0 is sufficiently small and if w(R cos ¢, Asin ġ) are 
arbitrarily assigned boundary values of class C? on x? + y? — R?, then the 
boundary value problem associated with the integro-differential equation (40) 
has a (unique) solution u = u(x, y) of class C+ on (4). Furthermore, there 
exists a constant C with the property that if the 0-th approximation is the 
harmonic function w,(x,y) on s? + y? < R? which assumes the assigned 
boundary values on 2? + y? = R?, then | u(x, y) — u(x, y)| SCR on (4); 
the constant Č is independent of À and the boundary values u(R cos ¢, R sin D), 
if (without loss of generality) the latter do not exceed 1 in absolute value. 
In particular, if the boundary values are identically 1 (that is, u(r cos ¢, 
FR sin ¢) = 1), then u(x, y) =1 and so | u(x,y) —1| SCR on (4). If 
U(z,y) is identified with the corresponding solution u(z,y) and if R > 0 
is sufficiently small, then it is seen that (39) holds. 

The general case of (*) can be deduced from its special case (18) by the 
variation of constants, employed by Bécher for the same purpose. Suppose 
that (6) is of the form (40). For small z? + y? 40, define v = v (g, y) by 


(41) u(s, y) = U (x, y)v(4,y), 


where u = u(x, y) is the given solution of (40) satisfying (2) and u = U (z, y) 
is a solution of (40), as supplied by the Lemma. Then (40) and (41) imply 
that v(x, y) satisfies 


(42) f VyÂT — Vady = f Í (dv, + e*v,) dady, 
J E 
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if # is any simply connected domain bounded by a piecewise smooth Jordan 
curve J in a sufficiently small punctured disk 0 < 2? + y 5S e and d*, e* 
are the continuous functions d* == d + 2U,/ U, e*=-e+2U,/U. This is 
clear if U, v are of class C? on 0 < x + y? = € and otherwise can be deduced 
from the form of the Green’s identity given in the lemma of [6], p. 761. 

Since (2) and (39) imply that | u(x, y)| —>œ as z? + y? — 0, it follows 
from (41) and the case (18) of (*) that, as z? + y? — 0, 


(43) lim(s + ty) (v, + Wwe) = Cı + iC, exists and C, = 0, C 40 
and, therefore, that 
(44) v(x, y) ~ const. log (x? + y”) (const. 0). 


Since U is of class Ct on (4) and since (39) holds, the assertion (7) follows 
from (41), (43) and (44). This completes the proof of (*). 


5. Theorem (*) is, in a certain sense, a uniqueness theorem. The 
corresponding existence theorem is the following: 


(**) Let a, b, c, d, e, f satisfy the conditions of (*). If R>0 is 
sufficiently small, then there exists a function u == u(x, y) of class C* on 
0<a?+ y2< R*, satisfying (2) and the relation (6) for every simply 
connected region E bounded by a piecewise smooth Jordan curve J in 
0< a? ea Se i. 


When the coefficients of (5) are analytic, the assertion of (**) is con- 
tained in a result proved by Hilbert around 1900 (before the development of 
his theory of integral equations) ; cf. [9], p. 570 and [4], pp. 100-101. 

Theorem (**) is contained in a result of Lichtenstein [8] dealing with 
the existence of a Green’s function for the integro-differential equation (6). 
His proof depends on the theory of integral equations. The assertion (**) 
can also be proved by the method of successive approximations, after an 
application of a variation of constants, as follows: 

Let (6) be of the form (40) and define a new dependent variable 
v= v (x, y) by " 

u = v log (x? -+ y?). 


Then the identity (40) is equivalent to the identity 


(45) f Vyd — vy = f f (d*v, + e*v, + f*v)dxdy, 
J 


E 
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where 


d* = d + 4a/{(a? + y)log(2? + y°)}, ef = e + 4y/{ + y*)log(2? + #)}, 
f* = f + 2(ad + ye) /{ (8 + y’)log(a? + y°)}. 


The fact that d*, e*, f* are majorized by Const./{(z? + y} log(a? + y>} 
. makes possible the application of the standard method of successive approxi- 
mations to (45), proving that if R > 0 is sufficiently small and if v(# cos #, 
R sin $) are arbitrarily assigned boundary values of class C* on 2° + y? = R’, 
then the boundary value problem associated with (45) has a solution 
v == v (g, y) which is continuous on (4) and of class Ct on 0 < g + ÿ = R 
(in fact, such that v,/log(z?-+ y*) and v,/log(x? + 4°) are bounded as 
z? -+--y?—>0). Finally, as in the proof the Lemma above, v(0,0) 0 if R 
is sufficiently small and the boundary conditions are suitably chosen, for 
example, if v(Æ cos ¢, R sin b) =1. 
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SOME APPLICATIONS OF THE LOCAL UNIFORMIZATION 
THEOREM.* 


By SERGE LANG. 


1. Introduction. Let K be a function field over a constant field k. 
We shall always assume that K/k is regular: k is algebraically closed in K 
and K/k is separably generated. If K == k(a,-+-+,&,) = k(x), we may 
view (x) as the generic point (over k) of a variety V, which is then called 
a model of K. If p is a place of K/k, i.e. a place which is an isomorphism, 
or identity, on k, and if we put &; = 2,(p) 00, then (Z) is a point of V 
and we say that (7) is at the center of p. 

Zariski’s Theorem of Local Uniformization [10] states that given a place 
p of K/k (characteristic zero) it is always possible to find a model of the 
field for which the point at the center of p is non singular. 

In the classical case where # is the complex numbers, this implies that 
the place has a certain neighborhood. 

It is our purpose to show that it is not the algebraic closure of the 
complex numbers which is essential for the existence of this neighborhood, 
but rather its topological completeness. 

More precisely: Suppose that the constant field & of K is complete under 
a valuation, and of characteristic zero. We say that a place of K/k is 
rational over k if it is k-valued. Let WM consist of all rational places of K/k, 
and assume that Wè is not empty. M may be called the rational Riemann 
manifold of K/k, but as we shall deal only with rational places, we shall 
call it the Riemann manifold. We topologize Mt (as it is done classically) 
by giving it the weakest topology such that the map s — 2(p) ek, is con- 
tinuous for each v in K. 

One can then prove that Xt contains infinitely many places, and in fact 
enough places to distinguish between elements of K. If k is locally compact, 
then Wè is a compact space, and in the case where K has dimension 1 over k 
(the case of curves) then W is locally homeomorphic to k itself. Our proofs 
are closely related to Chevalley’s [2]. 

Kawada [4] has also considered the abstract manifold in the case of 
curves, but restricted himself to the case where k is algebraically closed. In 
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that case, the complex numbers are the only locally compact field. If however 
we do not assume & algebraically closed, then we can include the real numbers, 
and p-adic fields. In fact, in the case of curves, we can also treat the power 
series over finite fields because the uniformization theorem is true irrespective 
of the characteristic. 

If k is the real numbers, then 2% consists of a finite number of com- 
ponents, each homeomorphic to a circle. It is a classical theorem of Harnack 
[3] that the number of these components is at most equal to g + 1, where g 
is the genus of K. We shall give a simple new proof of this theorem, based 
on the Riemann-Roch ‘Theorem. 


2. The Riemann manifold. We let & be a field complete under a rank 
one valuation, and do not make any restrictions on the characteristic. We 
view the value group as a subgroup of the positive reals. If ask, we let 
| a | denote its value. 

We suppose that K/k is a function field with the properties stated in 
the introduction. We assume that there exists at least one rational place 
of K/k, and let Mt be the set of all such places. For each ze K, we let T, 
be the “ k-sphere ” ko obtained from k by the formal adjunction of œ, and 
topologized in the obvious way: Neighborhoods of oo are the outsides of circles 
around 0. We let r= [{ T, be the Cartesian product taken over all ve K, 


“with the product topology. 

Let pe St. Then p maps K into ka. Let ® be the map of Mt into T 
defined by ®:p— (+ -,æ(p},: : -) and denote (9) by WY. Then © is 
obviously 1-1. i 

We topologize WY as a subspace of T, and give W the weakest topology 
so'that @ is continuous. In other words, the open sets of Mt consist of the 
sets b1{U) where U is open in W 

The following theorem and its proof are identical with Chevalley’s [2], 
except for the fact that only the completeness of k is used, and not its 
algebraic closure. 


THEOREM 1. M” is closed in T. 


Proof. Let u—(--,u3,""") be in the closure of WY. Let 
o == {ce K | u,7o}. We shall prove that o is a valuation ring (or v-ring) 
whose induced place p is such that z (p) = uy. 


We first note that k C o, because a(p) =a for all ack, and all pe Mt. 
Let z and y lie in o. Then Ugs, u,=<c. Since u is a limit point of 
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elements in W, there exists a prime p e Jt such that (p), y(b), and (x + y)(b) 
are arbitrarily close to uz, Uy, and us respectively. For such p, we see 
that s(p) and y(p) 400, whence (x + y) (pb) — 2(b) + y(p) ~o. Hence 
x+tyeo. Similarly, ¢—-y and zy lie in o, which is therefore a ring. 

Furthermore, the map æ— us is a homomorphism of o into k and is 
identity on &. This follows from a continuity argument as above. 

Finally, o is a v-ring. Suppose vzgo, Then uz,==0. Let y = g5. 
There exists a prime pe St such that z(p) is close to us and y(p) is close 
to uy But x(p) close to us means | «(p)! is very large. Hence | y(p)| is 
very small. Hence uy = 0, so yeo. Thus o is a v-ring. 

Since æ—>", is a homomorphism of o into k, and since o is a v-ring, 
it follows that z — wu, is a place of K, which is rational because use ke Our 
theorem is thereby proved. 

In particular, if & is locally compact, then k.e is the ordinary one-point 
compactification, and ke is therefore compact. By Tychonoff’s theorem, 
T is compact. Since WY is closed in I, it is also compact. We obtain there- 
fore the following. 


COROLLARY. If k is locally compact, then W is compact. 


We shall now investigate more closely the special one-dimensional case. 
For the rest of this section, we suppose that K/k has transcendence degree 1, 
and is regular. For the convenience of the reader, we reproduce a proof of 
the local uniformization theorem. 

Let p be a prime of K, whose residue class field is separable over k. 
Let xe K be a separating variable, such that ord, x — 1. (It is well known 
that such an x can always be found. See for instance [1], Ch. 17, 4.) 
If p is the rational prime induced by p on k(x), then p is unramified in K. 
Hence there exists a generator y of K over k(x) which is integral at p and 
whose local p-different is not ==0 (mod p). This means: If f(z, y) —0 is 
the equation for s and y over k, and if we put Z= z(p), ÿ—y(p) then 
fy(%Y) £0. Hence (%,%) is non-singular at the center of p as was to be 
shown. 

We recall one more useful theorem from the theory of curves. 

Let K = K(x,y) be the function field of a curve, and let f(z, y) — 0 
be its equation over k. Let (2,9) be a non-singular point on the curve, so 
that f(&, 9) — 0 but f,(@,7) 0. Thén (4,9) is at the center of exactly 
one place of K/k. In other words, there exists one and only place p of K/k 
such that ¢==-«(b), y= y(p). Furthermore, the residue class field K of K 
under p is naturally isomorphic to &(a, ÿ). 
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For a proof, see Artin [1], Ch. 16, 2. 

In particular, if (4,9) is a non-singular rational point (that is if its 
coordinates lie in k), then the place above it is also rational. 

Let p be a given prime of M. We shall find a neighborhood for p. 
Let z be a local uniformizing parameter at p, separating for K/k. In other 
words, assume ordy «== 1, and K/k(x) is separable. According to the local 
uniformizing theorem, we can find a model K= k(x, y) such that the point 
(Z, 7) at the center of p is non-singular: fy (#, ÿ) 40. By multiplying v and 
y by a constant ask having sufficiently small value, we may assume that 
& and ÿ are integral in k. This will not affect the non-singularity of the point. 
We may also assume that f has integral coefficients by clearing denominators 
if necessary. These preparations are necessary in order to be able to apply 
the Newton approximation method later. (Cf. [5].) They apply of course 
only if the valuation of k is non-archimedean. 

Split the polynomial f(z, Y) in the algebraic closure & of k. Then Ẹ is a 
root of multiplicity 1, so we have f(#, Y) = (VY — y)(¥ — yi): (7 — y). 
We recall that the roots of an algebraic equation are continuous functions of 
the coefficients ([1], Ch. 2, 6). Given a neighborhood Ÿ of ÿ in & not con- 
taining Yı " *, Yr there exists a neighborhood N, of x in k such that for all 
values £ N., the equation f(é, Y) — 0 has exactly one root in M. 

Let M == M Ok. There exists a neighborhood N C N, of x such that 
for any value ée N, we can refine ÿ to a root y of f(£,Y) with ye M. This 
can be done with the Newton approximation method, as given in [5]. Since 
the partial derivative is continuous, we also have f,(&, n) 540. Hence there 
exists à unique rational place q of K such that c(q) = é and y(q) =n. This 
proves that the map q—>2(q) is 1-1 for all q such that (z(q),y¥(q)) lies in 
the neighborhood (N, M) of (4,9). By what has been said above, this 
latter condition is equivalent to the single condition that x(q) € N. 

The map is continuous. We may select W and M to be closed “ discs ” 
around # and ÿ respectively, in which case the set of primes q mapping z and 
y into (N, M) is closed. 

If k is locally compact, this set of primes is compact. Hence the map 
is a homeomorphism. Summarizing, we have 


THEOREM 2. If kis locally compact, and if K/k is a regular extension 
of dimension one, then Wt is locally homeomorphic with k. Given a prime 
pe, and a separating local uniformizing parameter ve K at p, the map 


q—> x(q) gives a homeomorphism of a certain neighborhood of p with a disc 
of center 0 in k. 
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If k= R is the real numbers, then Pè is the union of a finite number 
of components, which have classically been called the real branches of the 
curve. It is obvious (and in fact can easily be proved) that each component 
of M is homeomorphic to a circle. (One uses the facts that it is compact, 
connected, and locally homeomorphic to real segments.) Harnack [3] has 
proved that the number of these branches cannot exceed g + 1, where g is 
the genus of the curve. We give below a proof depending on the Riemann- 
Roch theorem. 

We begin by a remark. Let B be one of the branches, and let ze K be a 
function having no pole on B. We assert that æ cannot have only a single 
zero on B. In other words, x has either no zero on B, or has at least two 
zeros, counting multiplicities. Indeed, if x has only a single zero p, then 
æ(q) > 0 and #(q’) < 0 for q and q’ in a small neighborhood of p. Naively 
speaking, x changes sign as it runs through p. But B-— {p} is connected. 
Since æ gives a continuous function of B — {p}, it must therefore adopt the 
value 0 somewhere in B— {p}, contradiction. 

Now suppose there are g-+-2 branches. Select one place on each 
branch, and let p.,- > `, Pgs. be these places. Let q be a place of K of degree 2 
(a complex place). Then q does not lie on any one of the real branches. 


The divisor py: > - Pgs2/q9** has degree g + 2—2(g-+1)——g. By the 
Riemann-Roch theorem, there exists a function ze K which is multiple of 
this divisor. Thus + has g more zeros in addition to pı,’ © >, Pgz and has 


no pole on any of the real branches. This implies that on at least two 
branches, x will have only a single zero, a contradiction. 

Harnack proved his theorem by taking a model of the curve, and 
assuming that the singularities were not too horrible. The classical proof 
is obtained by viewing the real branches as lying on the complex Riemann 
surface, by cutting the latter along these real branches, and using a sym- 
metry argument: the real branches consist precisely of those places on the 
surface which are invariant under the complex conjugate automorphism. 

Our proof is of course much more algebraic. In fact, it is very likely 
that one can define branches for a curve over an arbitrary real closed field, 
and that one can prove in that case also that there are at most g -+ 1 branches. 
As we have not been able to carry out all the details of this idea, we shall 
leave it as it stands for the moment. | 

If one takes a model for the curve, K = k (z, y), then it is extremely 
difficult, if not impossible, to give a rigorous definition of a branch in the 
(x, y) plane without leaving the plane. For instance, we want to say that 
a lemniscate is one branch, but that two tangent circles are two branches. 
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The correct way of defining a branch in the (a, y) plane is to let it consist 
of the projection on this plane of one of the components B of W. This 
projection will be the set of all points (#(p),y(p)) with pe B. We note 
that this projection on the plane may not be connected (as in the case of a 
hyperbola, where the connection is at infinity), and may also intersect the 
projection of another branch. On the real manifold W, however, two branches 
can never intersect. 


3. Function fields over complete fields. In this section, we return to 
the general case, but assume that k has characteristic zero. It is again com- 
plete under a rank one valuation. We assume that k is contained in a 
universal domain of infinite degree of transcendence over k, and in general 
follow the conventions of Weil [8]. However, we do not distinguish between 
fields and abstract fields, as the context will always make our meaning clear. 

We say that an extension E/F of a field F is regular if every finitely 
generated intermediate field Æ’ with F C E’ C E is regular over F. 

A subfield k, of k will be called admissible if it is dense in k, if k/k is 
regular, and if k/k, has infinite degree of transcendence. 

Our main result is concerned with function fields over admissible fields. 


THEOREM 3. Let k, be admissible. Let K/k, be a finitely generated 
extension, regular over kı. There exists a rational place of K/k, if and only 
if there exists an isomorphism of K into k which is identity on kı. If this is 
the case, then there exists infinitely many rational places. In fact, given a 
finite set of quantities (2) = (41,° ` `, Zn) with ze K, and a finite set of 
polynomials g;(Z) ek,[Z] such that g;(z) 540, there exists a rational place p 
of K/k, such that all zı = zi(p) are finite and such that g;(z) Æ 0. 


Proof. Suppose that there exists a rational place p of K/k,. By the 
local uniformization theorem, we can find a model of K whose center at b is 
non-singular. By a sufficiently general projection, we may assume that this 
model V is a non-singular hypersurface: K = k,(a1,- * -,@,,y) where (2, y) 
satisfy the irreducible equation f(x,y) —0 over ki, tu’ '',®r are alge- 
braically independent over kı, and since V is non-singular, f,(&, ÿ) 0. 


By multiplying if necessary the elements x; y by an element ae k, having 
sufficiently small value, we may assume that Z; 7 are integral in kı. Namely 
we have (az)(p) —a:x(p) because k, is fixed under p. Such a trans- 
formation does not affect the non-singularity of the point. In addition we 
may assume that f has integral coefficients, by clearing its denominators if 
necessary. 
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We can now apply the Newton approximation method as in [5]. Select 
é, © +, € very close to a,° °°, 2, in k, but algebraically independent over k:. 
Our assumptions on & allow us to do this. Then y can be refined to a root 7 
of f(é, Y) in k, and it is clear that k,(£, n) is isomorphic to k,(z,y). This 
proves the first part of our theorem. We note that we have a tremendous 
amount of freedom in the isomorphism of K into k. 

Assume now that kı C K C k. We must show that there exists rational 
places of K/k,. This will be done by an induction on the transcendence 
degree of K over k,. If this transcendence degree is 1, let K = k, (x, y), and 
let f(x, y) == 0 be the irreducible equation for æ and y over k Then 
fa (£, y) £0 because (x, y) is generic. As before we may assume that x and 
y are integral in k and that f has integral coefficients. We then use the 
Newton method in the reverse direction. We can select é in k, arbitrarily 
close to x so that y can be refined to a root of f (é, Y). This root will lie in k, 
and will be algebraic over kı, hence in k, This procedure yields infinitely 
many points on the curve f(x, y) = 0, and almost all of them will be non- 
singular. We had pointed out that a non-singular point of a curve lies at 
the center of exactly one place and that the residue class field of this place 
is then generated by the coordinates of the point over the constant field. 
Since the coordinates obtained in our proof are rational, we have proved 
what we wanted. 

Our construction shows in addition that any finite set of quantities (z) 
will not be mapped into 0 or œ by almost all the places. In particular, we 
can find places such that none of the quantities g;(z) are mapped into 0 or oo. 
Furthermore, if we view (z) as a generic point, infinitely many of the places 
just constructed will induce specializations of (z) into k, which are arbi- 
trarily close to (z) itself. For a proof and an application of this, see [5]. 

It is now easy to complete the induction. Let k, C E C K, where K/E 
has dimension 1. Let FE, be the algebraic closure of Æ in k. Then Æ, is 
admissible. Let L = KE,. Then L may be viewed as a function field in one 
variable over the constant field #,. There exists a place p of L rational over 
Ey, and p induces a place on K/H which is H#,-valued. Since K/# has 
dimension 1, the image K of K under p is finitely generated over H,, and 
consequently over k, Since Æ has smaller dimension over k, than K we 
conclude by induction that there exists a place q of Æ which is rational over k, 
and satisfying all the extra algebraic requirements that we desire. The com- 
posite of the places p and q is a rational place of K over k, satisfying all our 
conditions. This concludes our proof. 

Theorem 2 can be used to study function fields over sable fields ky 
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which are interesting in themselves, such as the maximal unramified exten- 
sion of a p-adic field, or the convergent power series over a valuated field. It 
can also be extended to function fields over k itself. The fields k, then play 
the role of fields of definition. This is done as follows. _ 

Let K/k be a function field, and assume that there exists one rational 
place p of K/k. Let V be a hypersurface which is a model of K and is non- 
singular at the center of p. Let K — k(x) where (x) is a generic point of V. 
Let kı be an admissible subfield of k which contains a field of definition for 
V (i.e. all the coefficients of the irreducible polynomial f(X) vanishing on 
(z)), and all the values 2;(p). Such a field may be obtained by adjoining 
to an admissible field the finite set of quantities just mentioned, and taking 
the relative algebraic closure in k. | 

Let K, = k(x). By a procedure similar to the one carried out in the 
first part of the proof of Theorem 3, there exists an isomorphism of K, into 
k which is identity on kı. Hence we can find infinitely many places q of K, 
which are rational over k,. All that remains to be shown is that such places 
extend in a natural way to rational places of K over k. 

The field K, is linearly disjoint from k over k, by Weil [8], Ch. I, 6, 
Th. 3. Our statement now follows from the following general lemma. 


LEMMA. Let K, L be two extensions of a field F and suppose that they 
are linearly disjoint over F. Let q be a rational place of K/F. Then q 
extends uniquely to a rational place of KL/L. 


Proof. Let Kg be the ring of elements of K which are finite under.q. 
The specialization on Ką induced by q extends uniquely to a specialization of 
the ring L[K,] generated over L by the elements of Ka. This is well known 
for a finite set of quantities, and the generalization to an infinite set is 
immediate. 

Extend this specialization to a place q of KZ over L. We contend that 
it is uniquely determined, and that it is L-valued. 

An element of KZ can be written 


y= (dao H+ + arar) / (bibi H + + + BB) 


with a, bje K, and œ, B;e L, and with the 8; linearly independent over F. 
Say b, has maximal value under q, or equivalently under Q. Divide 
numerator and denominator by bı. We get 


y == ((a1/b1) e+ + (a/b) Or) / (Bi +> - - + (65/01) Bs) 
where each a;/b, and b;/b, is finite under ©, and lies in F. Since Q is identity 


ki 
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on L, and since the B; are linearly independent over F, the denominator is 
now finite under ©, and is not ==0 (mod ©). The numerator is finite, and 
clearly both are Z-valued. This concludes our proof. 


We may summarize the preceding results: 


THEoreM 4. Let K/k be a function field over a field k complete under 
a valuation, and of characteristic zero. Assume that there exists one rational 
place of K/k. Then there exists infinitely many such places. In fact, given 
a finite set of algebraic conditions as in Theorem 3, we can find a rational 
place satisfying these conditions. 


‘In order to take care of the algebraic conditions on a finite set of elements 
(z) in K, we must be sure that all the elements of this set will lie in the 
field K,. As they can be expressed as rational functions of (x) with a finite 
number of coefficients from k, all we need to do is to take a field k, con- 
taining these coefficients. 

We shall now make a few additional né on function fields over 
complete fields, which admit rational places. 

If we work over the complete field & itself, there is in general no natural 
extension of k in which we can imbed the function field K having a rational 
place, as we could do if we worked over an admissible subfield. However, 
there is an interesting special case where such an extension exists. 

Namely, let k be complete under a discrete valuation, whose residue class 
field is algebraically closed. Then k can be represented as a power series field 
or a field of Witt vectors [9] with components in a field £ isomorphic to the 
residue class field. Denote such a complete field by F(f). Let & be an alge- 
braically closed field containing Ÿ and assume §/f has infinite degree of 
transcendence. Then F’(£) is contained naturally in F(Q). It turns out that 
F(R) plays towards F(f) the same role that k played towards k, in Theorem 4. 
In fact, one can replace k and k, by F(R) and F(£) everywhere in Theorem 4 
without losing the validity of the theorem. The proof is entirely similar, and 
we shall not reproduce the details of the argument (cf. [5]). 

The results which have just been obtained may be interpreted as follows: 
A complete field may be viewed as a sort of universal domain for those func- 
tion fields over it which admit a rational place. 

The admissible subfields behave as the natural fields of definition for 
varieties defined over k. However, the restriction to admissible subfields was 
‘partly done for convenience. For instance, if a function field K over the 
rational numbers Q has a rational place, it is clear from our theorems that 
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there exists an isomorphism of K/@ into each p-adic field, and into the real 
numbers. 


4. Additional remarks. It is perhaps worth while to note the analogy 
of Theorem 3 with the isomorphism theorem for real function fields K over 
real closed fields P, as proved in [6]. In the latter case, the internal criterion 
of reality suffices to yield the existence of a real, zero-dimensional place, and 
to prove that K can be mapped isomorphically into every real closed field of 
sufficiently high transcendence degree over P. In the case of complete fields, 
no such internal criterion seems to be available: One has to assume a priori 
the existence of at least one rational place in order to get enough of them. 
It would of course be of great interest to find such an internal criterion, if 
it exists. 


Addendum.* We take this opportunity to give another proof of the 
theorem for real function fields, following as closely as possible the proof of 
Theorem 3. 


THEOREM 5. Let K be a real function field over a real closed constant 
field P. Let ze K, z; £0 (j==1,"--,m) bea finite set of functions of K. 
Then there exists a rational place p of K/P such that each z;(p) is finite 
and zÆ 0. 


Proof. By essentially the same inductive step used in Theorem 8, and 
in the corresponding theorem of [6], we can assume that K/P has transcen- 
dence degree 1. It suffices then to prove that for a suitable model of K, we 
can find infinitely many points on the curve with coordinates in P. We 
proceed to do this. We suppose that K is ordered, and distinguish two cases. 


Suppose first the ordering of K/P is non archimedean. Then the 
canonical place p of K/P is rational over P. Let P{x,y) be a non-singular 
model of K at the center of p. Then f(%, ¥) = 0 but f,(%, Y) &< 0 and hence 
for small § in P f(z, Y + 8) = 8f,(Æ, Y) + where a is much smaller than 8. 
This means that f(z, Y) changes sign at Y -+8 and y7—-8 For all éeP 
sufficiently close to Z, f(£, Y) will likewise change sign at ÿ + 8 and ÿ — 8. 
It will therefore have a zero in P, and we get in this way infinitely many 
zeros of f(X, Y), as desired. 

If the ordering of K/P is archimedean, we take any model K = P (z, y). 


* Received April 9, 1953. 
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Then f(z, y) £0 because (x, y) is generic. The same procedure as above 
can now be applied to get the rational points in this case. This proves our 
theorem. 


The isomorphism theorem can also be obtained in a similar way: 


THEOREM 6. Let K/P be a real function field of transcendence degree r. 
Let T be a real closed field containing P, and having transcendence degree = r 
over P. Then there is an isomorphism of K into T which is identity on P. 


Proof. Let K = P(#,,---+,2%,,y) where (x,y) satisfies over P an 
irreducible equation f(x, y) = 0, f,(x, y) 40. Using Theorem 5 we can 
find a rational place p of K/P such that the point (&, ÿ) at the center of p 
is non-singular: f(£,ÿ) —0 but f,(#,y) 40. This means that f(& YF) 
changes sign in P around ÿ. For a point (é) with coordinates in IT 
sufficiently close to those of (Z), the polynomial f(é, Y) will change sign 
in T. We may clearly select (&) algebraically independent over P. If 
f (é n) = 0 for eT, we see that P(é,y) is isomorphic to P(g, y). 


The proofs of Theorems 3 and 5 are essentially alike, differing only 
in that the existence of rational points on a curve in the neighborhood of a 
given non-singular point obtained in one case by the Newton method, is 
obtained in the case of real closed fields by using the intermediate value 
theorem. This procedure avoids Sturm’s Theorem, and uses instead a more 
naive property of real closed fields. It also has the advantage of unifying 
the local techniques used in both cases, so that the ordinary real numbers 
appear as a common field for both cases. It must be remarked finally that 
although the full force of the local uniformization theorem was used in 
Theorem 3, only the special case of curves was needed to handle the real 
fields. This means that the proofs of Theorems 5 and 6 remain elementary. 


An interesting possibility for generalization lies in the following direction: 
How far do the results concerning specializations remain valid if one replaces 
the local fields by the quotient fields of complete local domains? The trouble 
arising here is partly due to the fact that the topology on the local domains 
has no natural extension to its quotient. field, and consequently makes the 
handling of specializations over such fields more difficult. In particular, we 
know of no analogue to the Newton approximation method. 

One might for instance make the following conjecture: Let 9, be the 
ring of convergent power series in several variables over the complex numbers, 
and let o be the ring of formal power series. Let k, and k be the respective 
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quotient fields. Let (x) = (%4,° + °,%,) be a generic point over k, with 
components in o. Does there exist a specialization of (x) into o1? 

It is actually possible to prove the following result. Let 0: —f{t} be 
the ring of power series in several variables, over an algebraically closed field f 
whose cardinality is greater than denumerable. Let & be an algebraically 
closed field containing f, and let o — {7} be the power series over À. Then 
0, Co ina natural way. Let F, and F be the respective quotient fields. 

Let z;(t) e R{t} be a finite set of power series, and put (x) = (%1, ***, Zn). 
View (x) as a generic point over F;. Then (x) has a specialization (Z) over 
F, with Ze 03. 

Indeed, let f;(X) be a basis for the ideal in #,[X] vanishing on (x). 
By clearing denominators, we may assume that all coefficients of f; lie in 03. 

Write each variable X; as a power series X;(¢) with indeterminate 
coefficients : X; = >) i, where p ranges over all monomials #,:- + - t in Ps. 


a : 
Then we can write f;(X) = > fin (€)u where fiu (é) e ¥lé]. That all f; vanish 
bb 


on (x) implies that the denumerable system of equations f,,(£) = 0 has a 
solution in ®, and hence that every finite subsystem is consistent. By the 
Hilbert Nullstellensatz in infinite dimensional space [7], it follows that the 
system also has a solution in f, and such a solution yields a specialization of 
(x) into 0. 

By an analogous argument, we can also prove the following statement: 
Let m be the maximal ideal of o,. Let f(X) be a polynomial with coefficients 
in 0,. The necessary and sufficient condition that f has a zero in o, is that 
f==0 (mod m”) is solvable in o, for each positive integer v. 

The problem is of course to relax the cardinality assumption, but we see 
no way of doing this at present. 


THE INSTITUTE FOR ADVANCED STUDIES. 
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ON THE EXISTENCE OF CHARACTERS IN TOPOLOGICAL 
GROUPS.* 


By M. Coran and R. RICABARRA. 


1. Introduction. In this section we will explain the idea of the paper 
and state the main theorems. The proofs will be given in Section 4. 
Let G = {x,y," > +, 8, b, - +} denote an abelian group, e the unit element, 
x(x) a character of 6, Q = Fa) the set of all uniformly continuous func- 
tions on G, and P = {#(x)} the set of all positive definite functions ¢(z) € Q. 
| Let us recall that (x) is said to be positive definite if 


2 2 Mb (sis?) = 0,. 


for any system of n complex numbers À, : - : , Àn and n elements s1,--:,8,€ @. 
By a character we mean a continuous function such that 


| x(#)| =1, x(t) = x(s)x(t). 


If x(x) is not continuous we will say that it is a non-continuous character. 
Any character, as well as any function of the form ¢ = >) Ay with all A; = 0, 
is positive definite. 

G is said to have sufficiently many characters if given an element se 
there is a character x(æ) such that y(s) = x(e) — 1. 

The aim of this paper is to characterize the class of topological groups 
with sufficiently many characters. More precisely: a topological group is 
defined by the group operation zy and the system {0} of its open sets; we 
want to give a condition on the group operation and the system {0} which 
is necessary and sufficient for the existence of sufficiently many characters 
on G. 

Observe that by definition of a topological group, given an integer n > 0 
and an element s=e, there is an open set 0 such that ee 0, s&0? == 0-0. 
Let us say that a subset B C G is a big set if G can be covered by a finite 
number of translations of B: G Cs,BU---Us,B, sie G. For example if 
G is a compact group then any open set is a big one. We will prove the 
following lemma. 


* Received January 23, 1953. t 
1 Fellow of the John Simon Guggenheim Foundation. 
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Lemma. In any topological group G, given ss&e, there is a big 
neighborhood 0 of e such that ec 0 and s€0? ==0-0. 


We will prove that the lemma is true for 0" with n = 6, if and only 
if @ possesses sufficiently many characters. More precisely: 


THEOREM 1. For any topological group G and any element se G, se, 
the following conditions are equivalent: 


(1) There is a character x(x) such that x(s) x(e) = 1. 
(2) There is a big neighborhood 0 such that ee 0 and sé 0°. 


Evidently the set 0° may be replaced by any 0", n = 6. By the lemma, 
Theorem 1 is no longer true if 0° is replaced by 0%. n 2. It would be 
interesting to know if 0° can be replaced by 0”, n = 3, or to determine the 
minimum value for n. 

The proof of Theorem 1 is based on another theorem (Theorem 2 below) 
which we are going to state. We will recall first some known facts from the 
classical theory. A fundamental result is the following ([1], [2]): 


(A) In any locally compact abelian group there exist sufficiently many 
characters. 


More precise information is provided by the Tauberian theorems ([3], 
[4]). Let us say that a function f(z) belongs to the w®-closure of the set 
of functions A = {g(x})}, if given € > 0 and a compact subset C C G there is 
a function g(x) e A such that | f(x) — g(x)| < e for any ze C. On the set 
of characters G* == {y(z)}, the w®°-closure defines a topology known as the 
Pontrjagin topology of G*. We will denote by SC[A] the w*-closure of the 


set of all functions of the form $, Agi(siw), where sie G, g;e A, and M are 
l 


complex numbers. Finally we define the w*-spectrum o°[A] of the set A, 
as the set of all characters x(x) such that ye S°[A]. If A is composed of a 
single function f(x) then we shall write SC[A] = Se[f], and oel A] = ot [f] 
== spectrum of f(x). 

The tauberian theorems give us the following properties of the 
w°-spectrum of f(x). 


(B) If G is locally compact and feQ, then the spectrum o°[f] is a 
non empty set. 

(B’) If G is locally compact and V = {x(æ)} is a set of characters 
such that o°[f] C V and such that V (as a subset of G*) is open in the 
w°-tonology, then f C [y]. 


ay 
et 
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The hypothesis that V is open in the Pontrjagin topology is essential. 
In other words, in general the relation f C S*[o*[f]] is not true. Godement 
([5]) proved that this relation is true in the following case: 


(C) Let G be locally compact. If fe Q is integrable with respect to 
the Haar measure, or if f is positive definite, then f C S*[o*[f]]. 


It is easy to see that (A) is a corollary of (©) as well as of (B’). 
The proofs of (A), (B), (C), use Haar measure, the theory of convolution 
and the theory of Banach Algebras or Hilbert spaces. Nevertheless in the 
-statements of these theorems appear only ordinary notions concerning con- 
tinuous functions. It is natural therefore to pose the following problem: 
find a direct proof of (B), (B’) and (C), and generalize these theorems for 
not necessarily locally compact groups. Theorem 2 below gives us a solution 
for the case of proposition (C). We did not succeed in finding a similar 
solution for (B’). 

In order to state Theorem 2 it is necessary to introduce some definitions. 
Theorem (C) refers to functions integrable with respect to Haar measure 
and to the w°-spectrum of f. But neither the Haar measure nor the w°-topology 
can be used in general topological groups. Therefore first of all we have to 
define a type of spectrum and a measure which will fit for any group. 


Definition 1. We shall say that a function f(s), se G@, belongs to the 
wt-closure of the set A == {g(x)}, if for any given € > 0, there is a subset 
A’ C A such that: 


(1) all the functions of A’ are uniformly equi-continuous on G, 


(2) given a,°:°*,%,eG there is a function g(#) eA’ such that 
| f(a) —g(ai)| < e fori =1,---,n. 


We shall say that f(s) belongs to the w-closure of A if only the condition 
(2) is satisfied. 

We shall denote by S¥[A]| the w-closure of the set {> AWgi(siz)}, gee A, 
of all linear combinations of translations of functions gi(z)eA. While 
Se[ SeA] ] = SLA] is true, S#[S*[A]] = S#[A] is not generally true. For 
this reason we define the o%-spectrum o”[A] as the set of all characters y(x) 
such that x(æ) e S*[A] U SrL SeA] U SeSe S#[A]]] U---. 

' Tf A is composed of a single function f(x) then we write S-[f] and 
o“[f] instead of S*[A] and o[A]. 


Definition 2. A function fe @ will be said regular if f C S#[o[f]]. 
The set of regular functions is denoted by R. 
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An immediate consequence of the above definitions is the following 
proposition. 

ProPosirion. (a) If fae S*[A], n= 1,2,- -, and fr(x) — f(x) 
uniformly on G, then f(x) e SLA]. (b) If fn C S*[f], n—1,2,: 
fe Q, and each f,(x) is regular, and fn—>f uniformly on G, then f(x) 
is also regular. 

Now, if Œ is not locally compact or locally bounded, it cannot have a 
Haar measure (that is a measure which is o-additive, invariant, finite on 
bounded sets and positive on open sets). But in G there always exist 
measures p(A), x(G) 40, with the following properties: 


(1) p is finitely additive: „(È Ai) = Ÿ u(4) for every n disjoint 
measurable sets. 

(2) wis invariant: u(sA) — p(A) if se G, and (A) = p( 47). 

(3) lim f|f(sy) —F(y)| de(y) =0, 


for any uniformly continuous and integrable function f(z). 


(4) If f(x) 20 is p-integrable and e > 0, there is a set C C G such 


that a(0) <a and | |f|du<e 
G-C 
Such measures p will be called G-measures. We introduce now the three 
following classes Ro, Ri, Ra of continous functions. 


Definition 3. Let f(z) eQ. We shall write fe Ro if 
T(t) = f o(ay)k(y*) du(y), 


where ¢e P, p is a G-measure and k(y) and | k(y)| are »-integrable functions. 
We shall write fe R, (feR,) if there is a G-measure p and a sequence 
{k,(æ)} such that f is w-integrable (f is positive definite), each kn G )20 
is p-Integrable and k, £P, and 


SF(ay) ln (y) du (y) — f(x) 


uniformly on G. 


THEOREM 2. Let G be an arbitrary abelian topological group. Then 
any function fe R.U R, U R: ts regular, that is: Ro C R, Ri C R, RCR. 
Moreover, the spectrum a"[f] of f is a o-compact set (in the w“-topology). 


? When the integral is extended over the whole space G we will write f f de. 
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It is easy to see that if G is locally compact then Theorem 2 furnishes 
a more precise form of (C). In fact, we first observe that by a known property 
of equi-continuous functions on compact sets and by definition of w*-closure 
it is clear that 
S*[A] C SEa]; o* Lf] c o [f]; 


S«Lo*[f]] C S*[o*[f]]. 


Hence the relation f C S*[o*[f]] implies the relation fC S°[ot{[f]]. There- 
fore from Theorem 2 it follows that (C) is true for any function 
fCR UR U Ro 

We next observe that if G is a locally compact group, p its Haar measure, 
f(x) eQ, and if we take k,(x) 20 such that k(x) € P, f ka(x)du(x) = 1, 
and k,(v) = 0 outside of a small neighborhood of e, then 


SF (zy) en(g) duly) > f (2) 
uniformly on G. Thus, in the case of a locally compact group the class R, 
contains all the integrable functions f e Q, and R, contains all the positive 
definite functions. Hence (C) is a corollary of Theorem 2. Moreover, 
Theorem 2 gives us a further information about the spectrum of the function. 


2. Elementary observations on characters. Let @ be an abelian top- 
ological group. ‘The simplest transformations of functions f(r), se G, are 
the translations: Taf (£) = f(st2),seG. It is easy to verify that if a 
bounded function fe@ satisfies Tif (s) = f(x)f(s*), for any seG, then 
f(z) is a character or f==0, and conversely. If we denote f(sxz)f(s*) by 
Tsf(x) the above condition may be written Tsf =f. Hence if Q’ is the 
set of the functions f e Q such that | f(x)| 1, then each T! transforms Q’ 
‘into itself and the characters are the non zero fixed points of Q’ under all 
the transformations T*. Thus the problem of finding characters is related 
to the problem of finding fixed points but with the essential condition that 
the fixed point must be <0. In order to get the last condition we will 
consider instead of the whole set Q” the subset Q’ N P. Since the T! do not 
transform P into P it will be necessary to take certain linear combinations 
of the Te and proceed as follows. 

/ 


3 If fe Q’, consider all the functions f, of the form f,(æ) = T‘11°2. . . T'xf(æ), and 
let C be the set of all the convex combination % ^f, of such functions. The w-closure (a) 
of C is a compact (in the w-topology) convex set of equi-continuous functions and 7" 
transforms © into itself. By Tychonoff’s fixed-point theorem there is a fixed point 
in ©. If we could be sure that this point is ;«0, we would obtain the Wiener 
tauberian theorem (B). Thus Wiener’s theorem may be regarded as a kind of a “ non- 
zero ” fixed-point theorem. 
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For any s e G, 0 S 0 2a, a = 0, we define the following transformations 
(1)  T(as,0)f(x) = a? [Bf (2) + ef (sx) + etf (stz)], 
(la) T(s,0)f (2) = T(1, s, 8)f (x) = 2f(w) + ef (sx) + etf (s1), 
so that T (a, s, 0)f (x) = &@T (s, 80)f (c), 
(1b) T (s, 8)f(e) = 2f (e) + EF (s) + e2 (>), 
(1e) T (s, 8) (Af) (2) = AT (s, 8)f (2). 


It is easy to verify that T (a, s, 0) transforms P into P. Moreover, the 
non zero fixed points are the characters. More precisely: 


Lemma 1. Let f(e) —1 and se G. If there exist two values of 6, 
6, and 62, 6,546, (modr/?), and corresponding two real numbers a,, Qe, 
such that 


(2) f(x) — T (a, 8; 8:)f(x) TT T (ae, s, 92) f (T) 
for any xe G, then the relations 


(3) f(vs) =f(e)f(s);  — F(@s*) =f (2) f(s") 
hold for any we G. | 

Proof. Suppose that f(x) satisfies the condition f(z) — T(a,s,8)f(x). 
Since f(e) = 1, we deduce that a +40, and this condition may be written 
(2a) f(a) + etf (sr) + ef (ste) — a-*f (2). 
For te, (2a) gives a? == 2 + etf (s) + etf (s>), and replacing this 
value of a? in (2a) we obtain 

[f (es) — f(x) f(s) Je" + [f (as) — f(e) f(s*) Te = 0. 


If this is true for two values of 4 (s£mod-7/2), then each bracket of the 
last expression must be zero and we obtain (3). This proves the lemma. 
Now we will drop the condition f(e) = 1. 


Lemma 2. Suppose that | f(x)| 1, and that the following condition 
is satisfied: For any s, 6, such that T(s, 6)f(e) 0 there is a real number 
a0 such that f(x) =T (a,s,0)f (<). Then f(x) —f(e)x(x) where x(x) 
is a (not necessarily continuous) character. 


Proof. Suppose first that for any s e G there are two values 8,, 02, 6, S£ 6, 


(mod 7/2), such that T (s, 84)f(e) 0, for èi = 1,2. Then by hypothesis we 
we will have f(z) = T (an s, &)f(v), t= 1,2. From f(e) — aT(s, &)f(e) 
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we deduce f(e) =c 40, and we may write f(x)/c = T (a, s, &) (f/c) (x), 
; = 1,2. By Lemma 1 this implies f(x) /c = x(x), f(x) = cx(x) = f (e)x (2) 
and in this case Lemma 2 is true. Suppose now that for some se G it is 
not possible to find two values of 8 (54mod2z/2) such that 


T (so, 8)f(e) = 2f (e) + PF (so) + ef (S07) 7 0. 

Then it must be that f(e) = f(s0) = f (s) = 0. We shall show that this 
implies f(z) =0. In fact, suppose that on the contrary, for some se G 
we have f(s) 40. Then we can find a @ such that T(s, 6)f(e) 40, and by 
hypothesis we will have f(x) — a?T(s,0)f(x) for some a0. For z—e 
this gives f(e) = @T (s, 0)f (e) 0, and we arrive at a contradiction. There- 
fore f(z) =0, and we may write f(z) —f(e)-1—f(e)x(x). This proves 
Lemma 2. 


LumMa 8. For any transformation T(a,s,0) with as40, there is a 
transformation T*(a,s,6) of the form 


(4) T*(a, s, 0)f (s) 

= (D2 bi?) f (2) + bbei (sar) 4 bbeir (5-40) 
and two numbers À œ> 0, p > 0, A + u =, such that 
(4a) f(x) =AT (a, s, 0)f (2) + pT*(a,s,6)f (x),  A+a=1, 


holds for any f(x). Besides À may be chosen to be any number which 
satisfies the inequalities 


(4b) = 0<A<1I, 
For each T(a,s,0) there are many such T*(a,s,0) satisfying (4), (4a), 


(4b), and any of them will be called an adjoint transformation of T (a, s, 0), 
and denoted by T*. 


Proof. Condition (4a) will certainly be satisfied if 214? + u(b? + B,?) 
= 1 and àa? — bb, = 0. Thus we must have 
(4c) (HD) =p,  (b—b,)? = p21 — 4na? I, 
with A>0, »>0, À+u—1, and 0 < 4a? < 1. It is then sufficient to 
take 0 < AS 4%07,A <1, p = 1 — Aà. This proves Lemma 8. 

Remark. T(a,s,6) and T*(a,s,6) both transform P into P, for any 


determination of the adjoint transformation T*. 


3. T-invariant sets. It is well known that a function f(a), ve G, 
belongs to the w-closure (Definition 1, Section 1) of the set A = {g(x)}, if 
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and only if there is a directed subset {g.(æ)} of A such that lime ga(æ) = f(x), 
for any se G. By a theorem of Tychonoff any w-closed and bounded set 
A == {g(x)} is w-compact (we say that A is bounded if | g(x)| Æ M for some 
constant M and any geA,zeG). For such sets we have the following 
theorem of Minkowski-Krein-Milman: If A = {g (x) } is w-compact and convex 
(that is ge A, À > 0, X= 1, imply X Age A), then any ge A belongs to 
the w-closure of the convex combinations of the extreme points of A. That is, 
g belongs to the w-closure of the set of the functions of the form Ÿ Mga À > 0, 
> A; == 1, where each g; is an extreme point of A. Let us recall that ge A, . 
is said to be an extreme point of A, if 


Jo = Àg + px ASO, p>O, At+p=—1, gieA, QEA, 
imply go = 91 = g». 
Definition 4. We shall say that the set A = {f (x) } is T-invariant if the 
following condition is satisfied: If f £ A, and s, 6, are such that T(s, 6)f(e) +0, 


then there is a number a40, such that Ta, s, 8)f(x) e A, and such that 
at least for one determination of T* we have also T*(a, s, 0)f(x) € A. 


Definition 4a. We shall say that A — {f(x)} is strongly T-invariant 
if the following condition is satisfied: if fe A and s,0, are such that 
T(s,6)f(e) #0, then there exists a number a > 0 such that: 


0<m< PSM: (| T(s,0)f(e)|)>7, 
(m, M, independent of fe A and of s, 6), and 
T'(a,s,8)f(x) eA, T* (a, 8, 0)f (2%) © A, 
for any determination of T*. 


Lemma 2 combined with the Krein-Milman theorem yields at once the 
following method for obtaining characters. 


Proposition 1. Let A= {f(x)} be a set of functions which is conves, 
w-closed, T-invariant and bounded: | f(x)| SC for all fe A. Then each 
extreme point fo of A is of the form fo(x) = fo(e)x (£), where x(x) ts a (not 
necessarily continuous) character. Hence any fe À belongs to the w-closure 
of the conves combinations X, Meilt), 2 A= 1, MZ 0, where each yi(2) 
is a character and cat) £ A. In particular if f(e) = 0 for any fe A, then 
any fe À is positive definite. 


Of course, if A is composed of continuous functions then the extreme 
points of A are continuous characters. 
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Proof. Let fo be an extreme point of A. If T(s,0)fo(e) 40, then by 
the T-invariance of A we have T(a,s,6)fo(x) eA, T* (a, s, 0)fo £ A, & > 0, 
and by definition of T*, 


fo = AT (a, s, 0) fo + wT™ (a, 8, 6) fo, A+ p=, A> 0, u > 0. 


Since fe is an extreme point of A, this implies f(x) — T (a, s,8)fo(æ), a? > 0. 
Hence by Lemma 2 we have f(x) =fo(e)x(v). In particular if fe(e) = 0, 
then fo (£) == fo(e)x(x) e P. The rest of the proposition is a consequence of 
the Tychonoff and Krein-Milman theorems. 


The following theorem simplifies the application of Proposition 1. 


Proposirion 2. Jf A= {f(x)} is strongly T-invariant, then the w- 
closure A of A is T-invariant. 


Proof. Let fe A and | T(s,8)f(e)| > 0. Then there is a directed set 
{fa(z)} C A which converges to f(x) : falx) — f(x) for each we G, and since 
T(s,8)fa(z) — T (s, 6)f (x), we may suppose that 


(5) | T (s, 0)fa(e)| > y > 0 for all fa 
By hypothesis, for any fa we can find a number & > 0 such that 
(6). O<m<a?S My", To 8, 0)fat A; T* (aa S, 8)fa£ A 


for any determination of T*. By Lemma 3 we can take all the A, == À, and 
all the po == p, and 


(6a) fa = AT (da; 8,0) fa + pT* (Ge, 8, 9) fo 
| a=: 45M >0, pe1l—aA, 0<S<1 


From (6) it follows that the directed set {a}, 4? = M:y, y > 0, has a 
limit point a°, 0 <m S@=M:y. For this a? the function T (a, s, 0)f(2) 
belongs to the w-closure of the set {T'(as,s,8)fa}, and from (6a) and 
(4c) it follows that at least one T*(a,s,0)f belongs to the w-closure of 
{T* (au 8, 0)fa}: Therefore, from (6) it follows that 7'(a,s,6)f(z) and at 
least one 7*(a,s,6)f(x) belong to A, and since a > 0, this proves the T- 
invariance of A, and hence Proposition 2 is, proved. | 

Now, let f(x) be a function such that f(e) —1. Consider all the 
functions g(x) of the form g(x) = TT, - -T,f(æ), g(e) = 1, where T; 
is any transformation of the form T'(a,s, 80) or T*(a,s,0). We will denote 
by A[f] the set of all convex combinations of the form 2 VW, 4 > 0, SA —1, 
where the g; are of the above type. 
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Proposition 3. A function (x), p(e) = 1, belongs to P if and only 
if Ald] satisfies the two following conditions: | 


(1) |f(æ)1Æ1 for any fe Ald]; 
(2) T(s,8)f(e) = 0 for any 5, 8, and f e Ald]. 


Furthermore, in this case A|] is strongly T-invariant with m == à, 
M — 1. 


Proof. If fe P then also T(a, s, 0)f e P, T*(a, s, Of e P, | f(x)| = f(e) Z 0. 
Hence if eP then fe P, for any fealg], and f(e) —1 by definition of 
AT]. Therefore |f(æ)| Æ f(e) —1, and T(s,8)f(e) 20. Conversely, ` 
suppose that any fe Afp] satisfies (1) and (2). If T(s,0)f(e) = c0, 
then by (2) ¢ > 0, hence if a? = c> then T'(a,s,0)f(e) = 1, and therefore 
T (a,s,0)f(«) cal]. From f(e) =T(a,s,6)f(e) —1, and from 


f(e) =AL (a, s, 0)f (e) + uT* (a, 8, 0)f (e) 


it follows that T*(a,s,8)f(e) —1, and consequently 7*(a,s,6)feA[d]. 
Since | f(c)|<S1 and a= Ths, 6)f(e) — 2f(e) + efs) + ef) <4, 
it follows that A[¢] is strongly T-invariant with m — 4, M — 1. By Proposi- 
tion 2, A—A[¢] is T-invariant, and being w-closed, convex and bounded, 
by Proposition 1, ¢ belongs to the w-closure of the functions D Mex, D M = 1, 
M = 0, where cu = fie Ald] and y: = character. Since c = f:(e) = 1, all 
the functions © Acix are positive definite and therefore # eP. 


Remark. The same argument proves that condition (1) alone is necessary 
and sufficient for ¢ to be a linear combination of positive definite functions. 
An extreme-case of condition (1) is when A[¢] is formed by a single function. 
Thus, if A[¢] is contained in a “circle” of “centre” p and “ radius r < œ,” 
then ¢ is a linear combination of positive definite functions ; if the “ radius ” 
ris 0, then @ is a character. 


COROLLARY 1. If be P, $(e) = 1, then each extreme point of A= A[Ÿ] 
is a (not necessarily continuous) character. 


It is important to observe that even if @ is continuous and positive 
definite, ¢(e) = 1, we cannot be sure that the extreme points of A[¢] are 
continuous functions. This difficulty will be avoided in the next section by 
submitting the set A[¢] to a convolution with a continuous kernel. 


4. Proof of Theorems 1 and 2. In this section we prove the results 
stated in Section 1. | 


Proof of the Lemma.. Let se, and take an open set U such that 
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e CU, sEU?, U= Ut. Let {B} be the class of all sets B with the 
following property: U C B, B—B"1, sEB?. It is easy to see that Zorn’s 
lemma is applicable here so that there is a set 0e {B} which is maximal 
with respect to the above property, in other words: Be {B}, 0 C B imply 
0—B. We shall show that 0 is a big set. 

Let ve G. If æE0, the set 0 U x U xt cannot belong to {B}, because 
of the maximal property of 0, hence we must have | 


se (0 U g U at)? = 0? U 20 U 20 U Ua? 


.Since s £0? we have only the following four possibilities: s e s0, or se s70, 
or s= 7°, or s= 7°. Hence for any element «eG we have only three 
possibilities: ve 0 U s0 U s0, or g? = s, or z? = s>. Let C be the set of 
all ze G such that z? = s, and C” the set of x such that x? = s. Then 
G C {0 U s0 U s0} U CU C7. 

Take a fixed element weC and let Co —x C0. Then if yeC, it 
follows that y? =e. If yeCs, y&0, then as above we will see that 
se (0U y U y>)? = 0° U y0 U y0. Hence yes0 or yes*0. Thus 
Co C 0U s0 U s0 and C C 2,0 U zos0 U tos™0. Similarly 


CO’ € 0 0 U &os0 Uts 10, . 
and we obtain 
GC {OU s0 U s°10} U {2,0 U %08710 U 5550} U {200 U %5/80 U 25710}. 


Hence G is covered by nine translations of 0, hence 0 is a big set. Besides, 
e C U C 0 is interior to 0 and s&0*. This proves the lemma. 
Now we will prove Theorem 1 in the following more complete form. : 


THEOREM 1 bis. Let G be an abelian topological group and se G, s Æ e. 
Then the following three conditions are equivalent: 


(a) There is a character x(x) such that x(s) Æx(e) = 1. 
(b) There is a big open set 0 such that ee 0, sE 0°, 0 = 07. 
(c) There is a function fe R, such that f(s) f(e). 


Proof. (a) implies (b): Since x(s) Æ1, | x(s)| = 1, we can find an 
arc 1 of the unit circle |z | — 1 such that lel and y(s) E 15, and 1 is sym- 
metric with respect to 1. It is easy to see, since y is a continuous homo- 
morphism of G into the unit circle, that 0 —y (1) satisfies condition (b). 
Moreover, the same argument shows that (a) implies (b) with any exponent 
0, n = 1. 


8 
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(b) implies (c): It was proved by Banach and v. Neumann that there 
exists a finitely additive measure »(A) defined on all the subsets A C G 
(so that there is no question about measurability), and such that: p(G) = 1, 
u(A) = 0, w(sd) =p(A) for any seG.t p may be taken to satisfy also . 


p(A) = p(A™) because the measure 27*{n(A) + »(A*)} has this property. 
Let 0 be a big open set such that ee 0, sE 0° and define 
p(x) = {4 (0?) FES foe (ry) for(y*) du(y), 


where fa denotes the characteristic function of the set A. From the invariance 
of x, it follows easily that ẹ is a positive definite function (this is very well 
known if » is Haar measure, but the proof does not use the o-additivity of the 
measure and applies to any finitely additive invariant measure). 

Let k(x) be a uniformly continuous function equal to 1 if ee 0 and to 
zero if sē 0?, and OS k(x) & 1. Such a function exists by a well known 
argument of Urysohn adapted by Kakutani for topological groups. Since 
n(G) —1 and all the bounded functions are y-integrable, the function f 
defined by f(x) = f k(xy)#(y)du(y) belongs to the class Re We shall 
prove that f(s) ~f(e). 

Since 0 is a big set, a finite number of translations of 0 covers G, hence 
by the invariance of u we must have »(0) > 0, a(0°) > 0. From the defini- 
tion of ¢ it follows that p(r) Æu(0):u(0?) if we0, and (x) —0 if 
ce G—0% Therefore, since k(x) — 0 for re G— 0, f(x) vanishes out- 
side of 0°, In particular f(s) —0. But for w20 we have k(x) =1, 
$ (2) = #(0) : #(0%), hence | 

f(e) = S k(y)b(y)du(y) = {u(0)}°: a (0°) > 0. 
Thus, fe Ro and f(s) ~f(e). 


(c) implies (a): This follows immediately from Theorem 2. In fact by 
this theorem fe À, may be uniformly approximated on any finite set by a 
function of the form DiAgi(z). Since f(s) f(e), one at least of the 
characters x; must satisfy yi(s) s4 xi(e), and this proves Theorem 1. 


Thus, it only remains to prove Theorem 2. 
Proof of Theorem 2. (1) Ry C R: Let 
fe) = f k(dy™) o(y*) duly) = f o(zy)h(y*) du (y) 
be a function belonging to the class Ro, where de P, be) — 1, and k(y) 


t A more general theorem is given in Banach’s book [6], page 28. 
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is p-integrable and &(y) = 0. Consider the set A] == {2(x)} and for 
each he A[¢] define 


(7) g(#) =h*¥ h(x) = f h(acy)h(y*) duly) = f hey) ky) dey), 


and let K = {g (z) =k*h(z)}. Since each he A[¢] is positive definite 
we have | h(x)| $1, | T(a,s, 0)h(x)| ST (a,s, 6)h(e), and since 


(7a) T (a, 8,0) g(t) = f T(a,s,0)h(xy)k(y")du(y) 
we obtain 

O fg (@ SS | HY)| duty) =o, 

(8a) | T'(a, s, P)g(e)| S| T(a,s, 0)h(e)| C. 


By Proposition 3, T'(s, 0)h(e) 540 implies T(a,s,4)}h(x) e Ald] with 
Axes {T(s,6)h(e)}*. Hence from (8a) we derive that K is strongly 
T-invariant with m == 4, M=C. Therefore À = w-closure of K is T- 

invariant (Proposition 2), and being convex and bounded (by (8), it follows 
' from Proposition 1 that fe K C K belongs to the w-closure of the functions 
X AUcxi (2) where %>0, M1, coi(e) eK, x-=character. But now 
we can see that these characters y; are continuous functions, because from 
| g (tz) —g(x)|S f | k(ty) —k(y)| du(y) it follows that the functions 
g.& K are uniformly equi-continuous on G, and hence the limit functions 
ge are also uniformly equi-continuous. Furthermore, on account of this 
equi-continuity the w-closure of K becomes the w*-closure. From the defini- 
tion of f(z) and ge K it is clear that ge S*[f], hence À C S*[f] and all 
the above characters x; belong to S*[f], hence to o“[f].. Thus f belongs to 
the w-closure of the functions À Acnu(r), me o*[f], and by the equi-con- 
tinuity it follows that fe 8“[o[f]]. Hence fe Z. 


(2) Rı C R: Let fe R;, so that 
2 f(a) lim fa(2) = in f f(y) ko(y) day) —lim f f(y) kn(2y) du (a), 


uniformly on G, and f is w-integrable, kne P and is p-integrable. By the 
part (1) of the theorem, fae R for each n. Let us fix n and consider the 
set of all functions of the form © Af (xyi)kn(ys) where 


D | Aken (ys)| S S kn (y)du(y) +. 
This is a set of equi-continuous functions, for 
| E Af (cys) ln (ys) — È Af (2Y) ben (ys) | 
S sup | (a) —f (a'y) | ES ba(y) du + e}. 
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From the definition of the integral and the property (4) of G-measures 
it follows easily that f, belongs to the w®-closure of this set, hence by the 
equi-continuity also to the w*-closure. Hence f,e S“[f]. Since fa € À, fn — f 
and fae S“[f], it follows from the Proposition of Section 1 that fe. 
Similarly, it is proved that R, C R, and this proves Theorem 2. 


Remark. Let R, be the set of functions fe Q such that 
f(x) = lim f f(xy) kn(y) du(y) 


uniformly on G, where k, = 0 belongs to P and is p-integrable, and f is a 
linear combination of positive definite functions. Modifying the abôve proof 
we can prove that R; C B. 
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ON THE TOTAL RELATIVE STRENGTH OF SOME HAUSDORFF 
METHODS EQUIVALENT TO IDENTITY.* 


By S. K. Basv. i 


1. Introduction. Given a sequence {s,} and a number « (the numbers 
with which we are concerned here are all supposed to be real, unless the 
contrary is stated expressly), let Sa denote the matrix of the transformation 


(1) On = WS, + (1— a) (80 + 81 +° °° 4+ s,)/(n +1) 

(n = 0, 1,2,- -) 
so that 
(2) Sa = oh + (1—«) HM, 


where Æ is the identity matrix and M the ‘arithmetic mean matrix (for 
definitions of Æ and M see [6], p. 105). It has been proved by Mercer that 
for « > 0, Sa (or the method defined by Sa) is equivalent to identity ([11], 
pp. 207-212—for a < 0, this equivalence no longer holds) ; in symbol Sa ~ F, 
i.e. in (1), Sa — l implies op —> l and conversely (unless otherwise stated, } is 
finite). Since then different proofs have been given of this important limit 
theorem by different writers and various generalizations (for reference see 
[16], p. 14; also see [10]) have been made. However,- the case of infinite 
limits in the above theorem (i.e. when l == +-+% ) seems to have been dis- 
cussed only by Mercer himself. It is natural to ask as to what happens when 
one replaces M in (2) by some suitable regular matrix. We shall be concerned 
here with a special case of this general question, when M in (2) is replaced 
by a Hausdorff matrix (H-matrix) of a special kind (for an H-matrix and 
its properties see [6], Chap. XI; note that M itself is an H-matrix), taking 
into account the possibility of both finite and infinite limits, the case of finite 
limits being discussed in § 3 (where our results are obtained mainly by a direct 
appeal to Pitt’s General Mercerian Theorem; see [12], p. 517) and that of 
infinite limits in $ 4 In § 5 we consider the question of total relative strength 
of two matrices (J, and Uge, 0 < B < a, where 


Uo= a + (1—«)H, 


* Received July 11, 1953; revised November 9, 1953. 
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H being a suitable H-matrix and (J, is similarly defined. (For the notion 
of total relative strength see [4], p. 51. When a method of summability A 
is stronger than another B, we use the symbol A D B and: when this is not 
true we write À D B. In case A is totally stronger than B, we express it by 
A t.s. B. The symbol A n.t.s. B will denote that A is stronger but not totally 
stronger than B) The author wishes to consider similar problems for con- 
tinuous Hausdorff transformations in a subsequent note. 


2. ‘The Hausdorff transformation of a sequence {s,} is defined by 


n 
(3) Op = 2 Crt An Eun * Sz (n == 0, 1,2,°° Ja 
;=0 


where Aux py, Apy = Aug — Atuk (n= 1), and {un} is a given 
factor sequence. In case (3) is a regular transformation {pn}, called a 
regular moment sequence, has the representation 


i 
m= f udx(u) Dre) 


where y(u), termed the regular mass function, is a function of bounded 
variation in the closed interval < 0,1 >. If H denotes a regular H-method 
defined by {un}, we use the symbol H ~ un. To give prominence to the mass 
function x(u) defining H sometimes we use the symbol H ~ y (these symbols 
are due to Rogosinski; see [13], pp. 166-167). The transformation (3), 
when regular, is said to be totally regular if Sn —c implies a; —>œ. (For 
conditions of total regularity of the transformation (8) see [3], Lemma 1. 
The necessary and sufficient condition of total regularity of the transformation 
(3), in terms of the mass function, is that x(x) Z 0 and Ÿ in <0,1>; 
see [3], proof of Lemma 1. Also cf. [9], Theorem VI and [2], p. 13. Such 
a mass function will be called a totally regular mass function). 

By taking different suitable moment functions (for the definition and 
properties of moment functions see [7], pp. 95, 102-103) we can have different 
regular H-matrices. Thus p(1) ==1 (t= 0) gives the identity matrix Æ. 
For the matrix M, p(t) =1/(¢+1); for H*, the Holder matrix of order 
k > —1, w(t) = 1/(¢ + 1)*; and for the Eulers matrix Ea of order a = 1 
(for the Euler’s matrix we have used here the notation as in [3]), p(t) = a 
(for the corresponding mass functions see [13], p. 167). These matrices are 
all totally regular. 


3. Suppose now that M in (2) is replaced by a totally regular H-matrix 
H ~ ph corresponding to the mass function (t) which is of regular bounded 
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variation (r.b.v.) in <0,1> (for the definition of a function of r.b. v. 
see [13], p. 176). We then consider the method (J, defined by ~ 


(4) Ua = aF + (1 —a)H. 
The following theorem will be proved. 
THEOREM 1. (i) Fora>4, Ua Z E. 
(ii) For0<a=t, Ua ZE, 


provided that the moment function p(t) corresponding to H satisfies the 
additional condition : 


(A) When considered as a function of a complex variable z = x + iy, 
Ru(z) Z0 for v = 0.1 


(iii) If pt) is continuous at t = 1, then fora < 0, [Ja D E (in fact, 
Ua D E irrespective of the continuity of p(t) at t =1) but E D Usa. 
We require the following lemmas. 


Lemma 1. Two regular H-methods with non-vanishing moment sequences 
cannot be totally stronger than each other unless they are identical (See [3], 
Lemma 2). 


LEMMA 2. If p(z) is the moment function of a regular H-matria H ~x 
such that y(t) is of r.b.v. in < 0,1 > and 


|a(z)|=4>0 (z = 0), 
then E D H. (See [12], p. 517 or [18], p. 178). 
LEMMA 3. With the notations of Lemma 2, 
lim a(t) = x(1) —x(1—0). 
(This is a known result. See, for instance [13], p. 175) 


Proof of Theorem 1. Let u(t) and a(t) respectively be the moment 
functions of H and the regular matrix Ja ~ än and let x(t) be the mass 
function of the latter. 


1 We have preferred this restriction for simplicity’s sake. We might have imposed 
a less restrictive condition on w(t). It may be noted here that in order to extend the 
result (i) to the case 0 < a = 4, some suitable additional condition on u(t) is essential. 
See [8], p. 906, Theorem 5 and the proof thereof. Also cf. [13], p. 188, § 5. 1. 
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Then x(¢) is of r.b.v. in <0,1> and x(t) = (1— a)ẹ (t) (OSt <1), 
x(1) =1. The transformation defined by (4) is 
On = asn + (1— a) SOA Sy (n = 0,1,2,: ::) 
k=0 
for which 
(5) An = & + (1—a) py. 


Since H is totally regular, A"*»,=0 (0S kn). Hence 
n n | 
Oy | Ale = Chart 
k=0 k=0 


Consequently, Ua = E for a > 4$. (See [10], Theorem 1 and Cor. 3. We 
have deduced (i) directly from some results in [10]. We could have made 
use of Lemma 2 as well for the purpose. The case for « > 4 also follows 
easily from [8], Theorem 5 or from [1], Theorems 3.2, 4.1. It is easy to 
give an independent proof of (i)). This proves (1). 

To prove (ii) we consider the moment function a(t) = a + (1—a)m(é). 
We have | 


a(x + iy) =a + (1—a)p(a + iy) =a + (1— a) (u + iv), say, 
where, by hypothesis, u = u(x, y) 20 for sv Z0. Then 
a(z + iy)| =| {a+ (1—a)u} +i(1—a)o |. 
Hence, when 0 < a < 4, 
| a(x + iy)| Z a + (1—auZa> 0 for s Z 0. 


Therefore, by Lemma 2, Ua ZS E for 0< ah. 
In order to prove (iii) put « =— 8 (B>0). Then by Lemma 3, 
since ¢(¢) is now continuous at ¿= 1, 


(6) a(t) >x(1) —x(1— 0) =1— (1+ 8)¢(1) =— R. 


Hence there is a number + > 0, such that a(t) < 0 for ¿= r. Since. a(t) 
is continuous for t= 0 with a(0) = 1, it follows that a(¢,) = 0 for some 


lo > 0. 
Consequently, E D Ua (See [13], Remark (iii) on p. 178). 


Two particular cases of Theorem (1). 


(1) Put H = gH + CoH? + aD + Cr HP, 
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where ¢, = 0 (r—1,28,38,:-:,p) and Sol Then 


r=1 


GE + (1—a) (c,H + eH? +--+ ++ eH’) SE 


The corresponding result for continuous Hausdorff transformations follows 

easily from a general result due to Rogosinski (See [14], p. 359, Theorem 12. 

The definition of equivalence as used by Rogosinski is, however, somewhat 
different from ours). 


(1) It is easily seen that, p being a positive integer, 
= | «E + (1—«)M|P 
is totally regular for 0 < « < 1. For, S,? has the form 


S@ = CE +oM+---+ eM, 
where c, = 0 (r = 1, 2, 3,- -+ , p), and De, = 1. Hence aE + (1— @)S,? = E. 
r=1 


The corresponding result for continuous Hausdorff transformations also 
follows easily from a more general result due to Fuchs and Rogosinski (See 
[5], p. 209, Theorem 5). 

In what follows when the index of summability (this nomenclature is 
due to oe aaa and Fuchs; see [5], p. 29) for the matrix UJ, is such that 
0<a=4, the moment function p(t) is supposed to have satisfied the 
additional condition (A) stated in Theorem 1. Such a moment function we 
shall call where necessary a restricted moment function, and |), corresponding 
to a restricted moment function will be called a restricted matrix. 


4. We shall next prove the following Theorem. 
THEOREM 2. (i) For 0 <a<1, Uats. E but E n.ts. Us. 


(ii) If a>1, Ets. Ua but Uants. E. 


(in) For a < 0, pt) being continuous at t =], 
Ua n.t.s. E. 


We require the following lemma. 


Lemma 4. u(t) being totally monotone for t = 0, u”(t) (n = 1,2, 8,- --) | 
are also totally monotone. 
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Proof. If u(t) (=u) and v(t) are totally monotone for t = 0, then 
by Leibniz Theorem on successsive differentiation 


n . 
(uv) n == 2 Cr Un-rUr 
r= 


or 


(—1)*(u9) n= È 0h — 1) tee (— 1)", 
p= 


so that wv is also totally monotone for t = 0. In particular, {w(t) }? = u? (t) 
is totally monotone for é = 0. The total montony of w(t) then follows by 
induction. 


Proof of Theorem 2. To prove (i) we notice from (4) that, for 0 < a < 1, 
Ua is the sum of two totally regular matrices with positive coefficients and 
as such is totally regular, as it is regular. Clearly, the moment sequence {ap} 
as given by (5) is non-vanishing and consequently, by Lemma 1, UJ,.7 can- 
not be totally regular. 


For the proof of (ii) we observe that, H being totally regular, (t) is 
non-decreasing in <0, 1>. Hence for t= 0, 


0Sn(t) — f wapu) S f agu) =1. 


Accordingly, b(t) being the moment function for |J_™, as a > 1, b(t) = 1/a(t) 
— Soft), where v(t) =1/a-(1—1/a)"w"(t) (n=0,1,2,: °°). Also 
n=0 


for % > 0, provided term-by-term differentiation is permissible, 
(7) (1) HOH) = X (— 1), (0) B 0 (k= 0,1%: +), 
n=0 


as U,{t) (n—1,2,8,: - -) are totally monotone by Lemma 4. 

We have still to justify the term-by-term differentiation in (7). If we 
consider a(t) as a function of a complex variable then p(t) is regular for 
x > 0 and, therefore, v,(¢) (n = 0,1,2,:--) are also regular for x > 0. 

Again, for s > 0, 


(Dis furry] déçu) — f “weds (u) S f delu) =i. 


Hence | w,(t)| < (1—1/a)” (n=0,1,2,---). Therefore, by Weierstrass’ 
M-test the series 3) v,(t) is uniformly convergent for R(t) > 0 and as such 
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can be differentiated term-by-term as often as we please (see, for instance, 
[15], p. 95). The term-by-term differentiation in (7) is thus justified. 
Also since b(0) == b(<+ 0), it follows from (7) that b(t) is totally monotone 
for {= 0. (The total monotony of b(t) also follows easily from a known 
Theorem. See [17], p. 151, Cor. 7.) Hence (J, is totally regular and so 
J. cannot be totally regular. The latter result also follows from the fact 
that, for « > 1, x(t) =— («—1)¢(t) S0 (0< t< 1), so that y(z) < 0 
for some £ and since x(0) = 0, x(t) cannot be non-decreasing in <0,1>. 
The proof of (ii) is now complete. - 

In (6) we have already noticed that x(1) —x(1—0) =— 8 <0; so 
that in a left-hand neighborhood of t = 1, x(t) is not a non-decreasing func- 
tion. Consequently, LU, cannot be totally regular and (iii) follows. 


5. Let Us== BE + (1—8)H, so that Us is a matrix obtained from 
(4) by replacing the index of summability a by £, the matrix H remaining 
the same. Then Ua = E = Ug for «, B > 0. (In such cases of comparison 
of the strength or total strength of two matrices Ua Us, since the same 
matrix H is to serve in both cases, whenever one of the matrices is restricted, 
the other is also supposed to be so.) Our object is to compare the total 
relative strength of the matrices (J), and Ls for 0 < 8< g. In this connec- 
tion the folloiwng theorems will be proved. 


THEOREM 3. For 1< B < a, Usts. Ua but Uan.t.s. Us. 


THEOREM 4. If 0O=B<il<a Usts.U, but for 0OL<B<1<a, 
[a n.t.s. (jg. 
THEOREM 5. For 0 <B<a<1, Uan-ts. Us. 


THEOREM 6. If 0OZB<a<l, there are some H ~ un for which 
Usts. Ua, and other H for which Ugn.ts. Ua. 


Proof of Theorems 8, 4, 5. Let {bn} and {M,} respectively be the moment 
sequences of |Jg and Us/Ue. Then 


My = bn/dy = (B—1)/(a—1) + (a —8)/ (a — 1) 1/0 


Now, for « > 1, {1/a,} is totally monotone by Theorem 2(ii). Hence for 
1<B<a, M, is totally monotone; consequently, Us,ts.U, and so 
[Ja n:t.s. Us. This proves Theorem 3. 

For O=8<1<ag, 


M, = (a—B)/(a—1) -1/ax— (1—8)/(a—1) > 0 
(k =0,1,2,° °°). 
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Also, 
AM = (a— B})/ (x — 1) : A" (1/ar) Z 0 (n=—1, 2, 3,-- +; k =0,1,2,---), 


since {1/a,} is totally monotone for & œ> 1. Hence {W,} is totally monotone 
and, therefore, Theorem 4 follows. 
For 0<B<a<i, 


1/M, = (1—a@)/(1— 8) + (a— B)/(1— B) *1/0n. 


Now 1/6, > 0; but {1/b,} is not totally monotone for 0 < 8 < 1 by Theorem 
8 (1) ; consequently, {1/4/,} is not totally monotone and the proof of Theorem 
5 is complete. 


COROLLARY. Taking B—0 and a(t) —1/(t +1) we have from the 
first part of Theorem 4, with the notations of (2), M t.s. Sa, a result already 
well known ([11] Loe. Cit.; it will follow from the proof of Theorem 6 below 
that this result may be extended to the case of 0 < a <1). 


Proof of Theorem 6. For the proof of the first part of Theorem 6 it is 
sufficient to show that for given a, 6 with 0 = 8 < a< 1, there is a totally 
monotone restricted moment function (t) for which Usts. (Ja We take 
p(t) = 1/(¢+1) (€ 20), the moment function for M, which is obviously 
restricted. Then M(t) being the moment function for Us/Us, 

M(t) = (1—B)/(1—a) — (a—8)/(1—2) - ($+ 1)/(at +1) > 0; 
and 

(—1)"M™(t) =n!(a— p)ar/ (at +1)" >0 (n—1,2,3,: - -). 
Thus M(t) is totally monotone and accordingly, 


Ua ts. Ua 


For the proof of the second part of the Theorem we require one more lemma. 
Lemma 5. If M(t) is totally monotone for t = 0, then, for t > 0, 
F(t) = M’(#) MU” (t) — {MG} = 0. 

({17], p. 167) 
To prove (ii) we take H=-4(#-+ Ee), a totally regular matrix, Fe 
being the Euler matrix of order e, so that a(t) — 4 (1 + e*) (€=0). Then 


a(s + iy) = SC + eeta} = EI + e7 (cos y — isin y) }, 
so that 
Raft) = 4F{1 + e2 cos y} = 0 for x = 0. 
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u(t) is, therefore, a restricted moment function. We have now 

M(t) = (1—8)/(1—a) —2(a—8)/(1—a) : et/{1— à + (1 + aot}. 
As such 

W(t) = — 2(a— B)e’/| (1—a) + (1+ a)et]?, 
M” (t) =—2 (a — B) -{(1—a)et—(1 + a)e*}/[(1—a) + (14 a)et]®, 
M” (t) =— 2 (a — 8) 
-{(1—a)%et — 4 (1 — a?) et + (1+ a) %e%}/[(1—a) + (1+ aje]. 

Hence 
M’(0) = — (a — 8), M” (0) = a (a — 8) /2, M” (0) = (a — B) (1 — 3%) /4. 


Therefore F (0) == (a — 8)’ (e — 1)/8 < 0, as 0< a< 1. Since F(t) is 
continuous at t — 0, it follows that F(t) < 0 in a neighborhood (0, e) on the 
right of the origin. Consequently, by Lemma 5, M(t) cannot be totally 
monotone for t = 0; and, therefore, Jp n.ts. Ua | 


PRESIDENCY COLLEGE, CALCUTTA. 
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AN EMBEDDING THEOREM FOR SEMIGROUPS WITH 
CANCELLATION.* t 


By Trevor EVANS. 


Introduction. The main part of this paper is concerned with the 
following question. Is there a finite integer n such that any countable 
cancellation semigroup can be embedded in a cancellation semigroup generated 
by n elements?? From other theorems of this type (see [1], [2], [4], [6]) 
one is tempted to conjecture that n = 2. However, this is not the case and 
we give an example of a countable cancellation semigroup which cannot be 
embedded in a two-generator cancellation semigroup. We show, furthermore, 
that there cannot be, for any n, any embedding theorem for arbitrary cancella- 
tion semigroups of the same type as those obtained for groups, semigroups, 
loops, etc. in the papers quoted above. The difficulties arise from the existence 
of subgroups in the cancellation semigroup to be embedded and we are able to 
prove the following theorem. Any countable cancellation semigroup not 
containing sub-semigroups which are groups (other than the trivial group, 
possibly, if the cancellation semigroup has a unit) can ne embedded in a two- 
generator cancellation semigroup. 

As an application of the embedding theorem described above we show the 
existence of a finitely related two-generator cancellation semigroup which has 
an unsolvable word problem. 


1. Preliminary ideas. A semigroup consists of a set of elements closed 
with respect to an associative multiplication. A cancellation semigroup is a 
semigroup in which sy = zz or ye = 2% implies y =z. We need later the 
following definitions and simple lemmas, the first of which we state without 
proof. 


Lemma 1(1). Let u, v be two elements in a cancellation semigroup such 
that uv =v (or vu =v). Then u is a two-sided unit for all elements in the 
semigroup. 


* Received May 8, 1953. 

1 This work was done under contract with the Office of Naval Research. 

2 This problem was brought to my attention by Mr. J. Addison who remarked on the 
possible use of such an embedding in the study of certain decision problems for can- 
cellation semigroups. 
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(ii) Let S be a cancellation semigroup with unit e and let G be the set 
of all elements g in S such that gh =e for some h in S. Then G is the unique 
mazimal subgroup contained in S and the set of elements S — G is an ideal 
of S. 


(iii) Let S and G be as in (ii). If the product wus: -up of a finite 
Set Uz, Uo," © +, Ux Of elements of S lies in G, then each t; is in G. 


We now turn to semigroups and cancellation semigroups given by genera- 
tors and relations. Consider all finite strings, or words, in the set of generators 
91> Jas 9s, °° À set of equations p; == c, 1, 2, 3,- - - between certain pairs 
of words is given and called the fundamental or defining relations. By a 
relation «== 8 between a pair of words «, 8 in the generators, we mean the 
following. 


(1.1) «= œ% is a relation, where « is any word in the generators, 
(1.2) if «== B is a defining relation, then «= 8 is a relation, 

(1.3) if «= 8 is a relation, then 8 == « is a relation, 

(1.4) if a= B and 8 = y are relations, then ¢ = y is a relation, 

(1.5) if a = B isa relation, then gia == 9,8 and ag; = Bg; are relations, 
(1.6) if gia = g:ß or ag; = 8g: is a relation, then a == 8 is a relation. 


Two words g, 8 are defined to be equivalent if, « — 8 is a relation. The 
resulting equivalence classes {a} of words form a semigroup under the multi- 
plication {a}{8} = {aB} and this semigroup satisfies the cancellation laws. 
It is called the cancellation semigroup generated by 91, 92, gs, * °° with defining 
relations pi = 04, ia NE LE 

In the above, if (1. 6) is omitted, we obtain the definition of the semigroup 
generated by gı, 92, gs, * © with defining relations p; = où, 11, 2, 8," * :. 

We now wish to introduce the notion of an elementary transformation of 
a word. Let S be a semigroup generated by gi, 92, ga, ' * * with defining 
relations p; = op t= 1,2,3,- . Let a, 8 be two words in S such that 
a ==Apip, B = Aci * where A, u are void or words in S. Then we say that B 
can be obtained from @ by an elementary transformation and we shall some- 
times write this as « — 8 by m—> o; Similarly, we say that « can be obtained 








8 It is immaterial whether or not we include the empty word 1 although, of course, 
if it is ineluded, then the semigroup necessarily has a unit. 
‘The relation (=) is used to denote identity between words. 
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from £ by an elementary transformation and write 8 — à by oi—pi By 
(1.5), « = £ isa relation in 8. We have, however, a stronger result than this. 


LEMMA 2. Two words a, B in a semigroup K, given by generators and 
relations, are equivalent if, and only if, there is a finite sequence of words a, %, 
Go," © +, An, B in S such that each word in the sequence is obtained from the 
word immediately preceding it by an elementary transformation. 


Proof. For the proof that, if a, 8 are equivalent, then such a sequence 
exists, we refer to [5], Lemma 5. Assume then that such a sequence exists. 
By the preceding paragraph, æ = a, %, = 2," ` * , a, = are relations in S 
and hence, by (1. 4), « = B is a relation in S. That is, « and 8 are equivalent 
in g. | 


2. Two counter-examples. We give here two examples which illustrate 
the difficulties in obtaining an embedding theorem for arbitrary cancellation 
semigroups. These examples show that the embedding theorem obtained in 
the next section is, in a sense, the best possible. 

Let K be the cancellation semigroup generated by 91, 92,° * *, 910 With 
defining relations. 


(2.1) Jags = 9296 39s = 9190) Jagr = 929s; Jogio = 1. 


We note two properties of K. It cannot be embedded in a group since the 
subsemigroup H generated by g:,92,° ` *,gs 1s the cancellation semigroup 
constructed by Malcev [3] which cannot be embedded in a group. Further- 
more, gy generates an infinite cyclic group. 

Let us assume that a cancellation semigroup C exists, generated by two 
elements a,b, such that C contains a subsemigroup K’ isomorphic to K. 
Since K’ has a unit, by Lemma 1 this is a unit for all elements of C. There 
will be no ambiguity if we denote this unit by 1 also. Let u,v be the 
elements of K” which correspond to go, 910 respectively in the isomorphism 
between K’ and K. Since go, gio = 1 in K, ww = 1 in C and so u and v are 
contained in a subgroup G of C. Now u,v as elements of C are generated by 
a and b. There are three cases to consider. 


(i) One, say u, can be generated by a alone, and the other can be 
generated by b alone. Then u = a", v = b”. Since u,v are in G, Lemma 
1 (iii) implies that a and b are in G. Hence C is a group. 


(ii) One, say u, can be written as a product involving both a and b. 
Again, by Lemma 1(iii) this implies that a and b are in G and hence that C 
is à group. 
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(ii) Both u and v can be generated by one of the generators of F’, say a. 
Then u = a", v = a". Since w= 1, we have a™t = 1 in C. Hence wu 


— g(minym = 1, 


In cases (i) and (ii) we obtain a contradiction since K cannot be 
embedded in a group. In case (ii) we obtain a contradiction since go" 41 
in K. Hence K cannot be embedded in a cancellation semigroup generated 
by two elements. 

We may now ask whether there is, for some n greater than 2, an embedding 
theorem for arbitrary cancellation semigroups similar to the theorems obtained 
for other systems in [1], [2], [4], [6]. Assume that such a theorem holds. 
It will be as follows. 

Let S be a cancellation semigroup generated by gi, 92, gs,‘ > * with defining 
relations pi(91, G2) G3,° °°) == 04(91, Ja Jas’ © *) t= 1,2,3,---. Then there 
is an infinite set of words @,, 62, 43,° > > in Qi, Q2, &s,° * * , a, such that in the 
cancellation semigroup F generated by a, @,° * - , a, with defining relations 
pil, 92, Das © -) = 01(9:, Où, 03° > +), à == 1, 2,3,- <- the subsemigroup gen- 
erated by 61, 62, 63,° © + is isomorphic to 8. 

We note in the above that since 6,, 02,43, * > is an infinite set of words 
in a finite set of symbols ay, a, Qs, © *,@n, there is an infinite subset ĝi), 
fitos Oits) -> » of the 4; and a finite subset Mitas hj(2)9° * "> Bick) of the th; such 
that each 6; in fiaj; fiep 9i(3),° © * is a Word containing all symbols in the set 
ji1), Gites © >: Qitk) and no other Qz. 

We now attempt to apply the above embedding theorem to a cancellation 
semigroup consisting of the generators and relations of K in the previous 
example and an infinite number of free generators. If in this embedding the 


generators 1, 92," * *, 1o of K correspond to 6; in the set fiaz, Gite, Bitsy °°» 
then aj(1), Gis’ * *, @j) Will all have inverses in F and so K will be embedded 
in a group. 


From this contradiction, it follows that the embedding theorem stated 
above does not hold and that if we are to formulate an embedding theorem 
for arbitrary cancellation semigroup S, we must be able to distinguish between 
those generators of S which have inverses and those which do not. However, 
in an arbitrary cancellation semigroup given by generators and relations, there 
is probably no general method of deciding whether an element in the semi- 
group has an inverse. Hence there will be.no general method of embedding 
an arbitrary cancellation semigroup in an n-generator cancellation semigroup. 

This does not mean that we cannot show that any countable cancellation 
semigroup can be embedded in a cancellation semigroup generated by n 
elements for some n. In fact, we conjecture that n == 4. The reasons for 
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this are as follows. À cancellation semigroup, by Lemma 1, can be split into 
two disjoint parts, one a group @ and the other, a cancellation semigroup H 
not containing elements with inverses. We can embed G in a group generated 
by two elements of finite order that is, in a cancellation semigroup A 
generated by two elements, and using the theorem proved in the next section, 
we can embed H in a cancellation semigroup B generated by two elements. 
Further relations must now be added to the elements of A and B corresponding 
to the relations between the elements of G and H in S. If these relations do 
not affect the embedding of G in A and H in B, then S is embedded in a 
cancellation semigroup generated by four elements. This method certainly 
avoids the difficulties of the above examples and it would be interesting to 
know whether it does, in fact, give an embedding of S, especially since the 
explicit construction of the embedding for a given cancellation semigroup 
requires a method for determining which generators of S have inverses and, 
as we have remarked above, such a method probably does not exist. 


3. The embedding theorem. Let § be a cancellation semigroup gen- 
erated by a finite or countably infinite set of. generators gı, g2,93,° © * and 
defined by a finite or countably infinite set of relations 


(3.1) pis Jo Jar? * +) = cilgin Ga» Jar? * *)s i= 1,2,3, +. 


We shall assume that S does not contain any subgroups. By Lemma 1, this 
is equivalent to assuming that there is no relation in S of the form gia = g; 
OT ag; = gı Where @ is a non-empty word in the generators.® 


We construct now a semigroup F generated by two elements a and b. 
Let A; denote the word biabia?bi, i —1,2,3,---; and K the set of words 
generated by 61, 62,43, * *. There is a one-one correspondence between the 
words in S and the words in # obtained by making g; correspond to &. If « 
is any word in S, @ will denote the corresponding word in K. We also use 
the following notational device. If the word « in F is of the form bty, then 
b-a will denote the word b*4y for 7 < à and bia will denote the word y. 
A similar notation will be used for words ending with a power of b. 


The defining relations of F can now be described. Consider all relations 
æ = 8 in S such that a and £ do not begin with the same generator nor end 


5 This result (unpublished), an extension of one of the results in [2], has been 
obtained by B. H. Neumann. 

° Here, and throughout this section, we do not include the empty word as a word 
in 8, 
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with the same generator. We call such relations reduced. These relations 
have one of the following forms: 


(3.2)  giygi = G189m, TAK, IAM; gigi = Jr LIARS p= gp). 
Here y and 6 are words in § or possibly void. 


Corresponding to every reduced relation « = 8 in $ of the form giyg; 
— 959m We take 6-?o’b-¢ == b-76’b-4 as a defining relation of F where 
p = min (íi, k), g—min(;,m). 

Corresponding to every reduced relation a = 8 in & of the form giyg; = gx 
we take b-a’b-¢ — b-PB'b-1 as a defining relation of F where p — min (å, k), 
q = min (J, k). Here, of course, 8’ is 82. 

Corresponding to every reduced relation « — 8 in S of the form 9; = g; 
we take b-?a’b-? — b-?Q’b-? as a defining relation of F where p = min (i j). 
Here, g’ and 8’ are 6; and 6; respectively. 

As an example, suppose 91929; 9sg2 is a relation in $. Then 
aba*b0.b°ab?a7b — b'ab*a®b*b?ab?a? would be a defining relation of F. 

In what follows we will constantly be using special properties of words 
in &. These properties are specified in the next lemma. 


Lemma 8. Let w be a word in K of the form Arp (A, p may be void). 
If the subword + begins with bt-Pabta? (for some r, 0 Sp Sr), and ends with 
absa?bs-2 (for some s, OS gs), then brb is a word in K and ro, btu 
are void or words in K. 


Proof. A word in & has the form 
biabta®bitiabia?bi+: baba? bntnabna?bn. 
The lemma follows from this. We leave the details of proof to the reader. 


Lemma 4(i). Jf a— B is a relation in S, then g = B is a relation 
in F, (ii)  é— ts a relation in F and if č is a word in K, then n is also 
a word in K, (ili) if @’, B are two words in K such that a’ = Bis a relation 
in F, then a= B is a relation in S. 


Proof. (i) Let «== be a relation in S. This relation can be written 
as Abu == App where ¢, y do not begin with the same generator nor end with 
the same generator and à, x are void or words in 8. Then ¢ == y is a reduced 
relation in $ and, for some p, q, b-?¢’b-¢ == br D" is a defining relation of F., 
Since g’ == Arb Pp b-b, BY == N brb- b-t, it follows that «= 8 is a 
relation in F. 
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(ii) One sees from Lemma 3 that if a word ¢ in K admits an elemen- 
tary transformation, then £== A’b?b-?¢’b-4b%p’ where X, w are words in XH 
or void and b-?¢’b-? = b-?y’b-4 is a defining relation of F. 


If £— n is a relation in F, by Lemma 8 there is a finite sequence of 
elementary transformations carrying £ into 7. Assume, first of all, that this 
sequence consists of just one transformation. By the preceding paragraph 
E = N brh robba and so y = Nbb Py b-b. Hence y==N' yp’ is in K. 
A simple induction on the number of elementary transformations connecting 
£ and y completes the proof. 


(iii) If a’, p’ are connected by one elementary transformation, then, by 
part (ii) of this lemma, «’ =)'¢'p’, B’ == dp’ where X, p are in K and 
@==w isa relation in S. Then «=Adu, B = dv and so g = £ is a relation 
in S. In general, we have a finite sequence of words o’, a's, Za - - ,æ,, B’ 
all in K, such that each word is obtained from the word preceding it by an 
elementary transformation. Then a = 01, @, == @2,'* °, Øn = B are relations 
in § and so a= B is a relation in 8. 


LEMMA 5. The subsemigroup of F generated by 061, 0», 03, °° is iso- 
morphic to Ñ. 


Proof. By Lemma 4 two equivalent words in F are either both in & or 
both not in H. The equivalence classes consisting of word in & form a 
subsemigroup K of F. There is a one-one correspondence «<> a’ between 
words « in S and words & in K. Now, by Lemma 4, two words «, 8 in S 
are equivalent if, and only if, «’ and g’ are equivalent in F. Hence, the 
semigroups S and K are isomorphic. 


We have now embedded S in a semigroup generated by two elements. The 
next step is to show that F can be regarded as a cancellation semigroup and 
to do this we need to obtain some properties of the defining relations of F. 


Let w be a word in F and let w — w, by či —> m, 01 — we by E2 —> m where 
Či —> Mm, Ge —> q are elementary transformations of F. We say that these two 
successive -elementary transformations of w overlap if part of w, lies both in 
the 7, of the first transformation and in the £, of the second transformation. 
There are four ways in which this can happen. 


(a) & has the form Ay. Then 
(3. 3) wo = KÂËUT — w1 == KAT — wg == KNT 


(b) & has the form Az, 7, has the form xu. Then 
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(3. 4) - oe doy > ©, = kÂTuT — 02 = Kyopr 
(c) m1 has the form Af». Then 

(3. 5) w == KIT — w, == KrALopt — w2 = KAyopt 
(d) m has the form àr, & has the form zu. Then 

(3.6) o = KÉT —> où = KÂTUT — wg == kr. 


In all these cases A, u, x, 7 are void or words in F. The word w is assumed 
non-empty since, otherwise, the two transformations would not overlap. 

The overlap, that is, the subword of œw, which is in both y, and &, is 
Nis 7, Co, m in cases (a), (b), (c), (d) respectively. If this overlap y is such 
that, for some p, q, b®yb% is a word in &, then we say that the transformations 
K-overlap. Since, for some m, n, p, q, bb", bP£,b are in K, the overlaps 
in (a) and (c) are always K-overlaps. In cases (b) and (d) the situation 
is a little more complicated. We will restrict our discussion to (d) since (b) 
can be treated in the same way. 

Since Aw is one side of a defining relation it is of the form Haba? or 
pabsa*b*", where œ is such that b”àrb” is in KH. Similarly, zz can be written 
as ab?a’y or bTPab'ay. In the following cases we shall say that the trans- 
formations have a short overlap of type (d). 


(3.7) w==a, À= dab a, u == dary, 
(3.8) w=ab?, \= pabfa, p= ay, (p =s—n in this case), 
(3.9) m= bi, A= pabsa* br i, p = br iabar’y, (4S min(s — n, r— p)). 


An examination of the beginning of zp and the end of Aw shows that it is 
not possible for m to be bPa, b’-®abi, bt-Pabra, abra, a*b*”, bia? or a?. It follows 
that, except for the short overlappings listed above, + necessarily must begin 
with abra? or b'?Pabra? and end with aba? or absa’bs-*. In this case, since 
bArb", ruble K, by Lemma 8, b’rb"e K. Hence, except for the short 
overlaps, all overlaps of type (d) are -overlaps. 

Similarly, except for three short overlaps, all overlaps of type (b) are 
K -overlaps. 


LEMMA 6. Let w—w —w by bn, É2—m respectively, the two 
transformation having a K-overlap. Then there is an elementary transforma- 
tion čs — na of F such that o — oz by Es — 93. 


Proof. The method of proof will be sufficiently illustrated if we consider 
overlaps of type (d) only. 
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For some m, n, p, q, we have 
(3.10) BME,b" == a's, D™ Amb" = pl, DPrubt = wa, bryd = fs, 


where œ = ĝi, % = BB, are relations in S. Thus both the words b”Arb”, 
brrub4 are in K. As we have noted above b?rb” is in K since the overlap is 
a K-overlap. Considering b?rb" as a subword of b”Arb”, by Lemma 3, the 
word b”\b-? is either a word in or possibly void. Similarly 6-"yb¢ is 
either a word in # or void. 

Hence, in the relations o’b-"2b9 = B’,bubt, b™AD-Pa’, == b™AD PB’, both 
sides are words in H. These two relations can be written as 


(3.11), DE uba == XD, Dub —= MAL, 


We obtain the new relation b”¿ ubt == b"An:b4 and since both sides of this 
relation are in K, by Lemma 4, there is a relation œ, = 8, in S such that 
g'g == baib, B'a = b™Ay2b%. Now o, a3 begin with the same generator, and 
u Bs begin with the same generator. Hence as, 8, do not begin with the 
same generator. Similarly, a3, Ba do not end with the same generator. It 
follows that b-™a’,b-¢ = bB’ or fin = Aye. is a defining relation of F, 
giving the required čs — m since w == KHT, we == KkÂmer. 

The remaining cases are proved in the same way, i.e. by considering 
those relations in S which correspond to the overlapping transformations in F. 


Lemmas 7. Let ax and aß be two equivalent words in F. Then « and B 
are equivalent in F. i 


Proof. The proof is by induction on the number of elementary trans- 
formations connecting aa and a8. Consider first of all the case where aa — af 
by é—>n. As a defining relation of F one side of £=y begins with a and 
the other side with a power of b. Hence £ — » cannot affect the beginning of 
aq since both ag and af begin with a. The transformation must, therefore, 
occur inside «, carrying « into 8. That is, « and B are equivalent. 


Assume now that the lemma is true whenever ag can be transformed into 
aß by n or fewer elementary transformations and consider the case where aa 
and aß are connected by n + 1 transformations. We will denote this by 


(3. 12) AU —> wy —> wg >" * + Don 28 


the succesive transformations being é — m, £o — 92," © *,fni1—> Mav. We can 
dispose of three cases immediately. 


(i) Suppose that, for some 1, w, begins with a, that is w; is of the form 
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ay. Then, by the inductive hypothesis, both a and B are equivalent to y. 
Hence œ and 8 are equivalent. 


(ii) Suppose that, for some i, the transformations {— mi, Či > nin 
have a H-overlap. By Lemma 6 these two transformations can be replaced 
by one. Hence aa and aß can be connected by n elementary transformations 
and so « and B are equivalent. 


(iii) Suppose that aa can be written as «r and that the first i trans- 
formations all occur in x; that is, r is not affected by any of the transforma- 
tions &—m," " ",&—>m ‘Let the transformation fj, nui occur in r. 
Using an obvious notation, we can write the first à + 1 transformations as 


(3. 13) AU —> KIT —D KoT KT > KT}. 

But then the in of transformations 

(3. 14) QA > KT D KIT > KaT, D D KT 

will also transform ag into wn, and so the sequence of n + 1 transformations 
(3.15) AU —> KT >" KIT > w D 1 Oo, > GB 


transforms ag into a8. Now in this last sequence, the second term xr, begins 
with a since aa == xr. Hence, by (i), œ and 8 are equivalent. 

We shall assume from this point that in the sequence (8.12) the three 
situations described above do not occur. Then ¢,-—> 7, must occur at the left 
end of av and & —> ny, 2—> m have a short overlap of type (d). The next 
transformation és >; must then either have a short overlap of type (b) or 
(d) with é> — m2 or £, must lie to the left of nz in wa. 

Similarly, if 2 — 2, s —> 73 do have a short overlap of type (d), then 
either £3—> ms, a —> m1 have a short overlap of type (b) or (d), or č, must 
lie to the left of ns in œz. In general, if each pair of successive transformations 
Li — ny fia — Nut, t= 1,2," ++, k, have a short overlap of type (d), then 
bat > Ther Érez —> Neve either have a short overlap of type (b) or (d), or 
fig must lie to the left of yxy. IN wr . 

Let r be the number such that each pair of successive transformations in 
£.— my 62> na: + +> f-—> nr, has a short overlap of type (d) but ér — nr, 
Eri —> rx do not have a short overlap of type (d). We have seen above that 
y = 2. Since w, begins with b, the elementary transformation taking w» into 
aB, cannot have a short overlap of type (d) with the preceding transformation. 
Hence, r = a. 
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We can therefore write the first r transformations as 


(8.16) Éi — Arai, mips => Astra, mapa — Aga,” © +; 


Tropper- > Arr) Ty- hr- > Yr 


where the short overlaps mı, 2, * * , m1, are as listed in (8.7), (3.8), (3.9). 
Then 


(3. 17) QU == Éspapte  * * Ura1Xs 
Di = A171 fly phe "°° Bray °°, Or = Aide: * * Àr-19rX 


and the transformation {541 — nra OCCUTS IN Arda’ * * Aire 

We consider now in what way ma can be a subword of À: © Air 
with the restriction that it cannot have a K-overlap with n. An examination 
of the form of Ain (3.7), (3.8), (8.9) coupled with the fact that, for some 
j, k, bién bt is a word in K, shows that only two cases are possible. 


(1) ¿m is a subword of some À, 1S tSr—1. Let À, go into À 
under the transformation nı — ma Then it is easily verified that the 
sequence of r elementary transformations (3.16) with À, replaced by À; trans- 
forms ag into w,1. Hence aa can be transformed into a8 by n elementary 
transformations and the lemma is proved. 


(2) Here we consider those cases in which m, does not lie entirely in 
one of the À. If ¿nı contains subwords of more than one À it must contain 
the right end of some A; and the left end of Anı (or yr), for LS tSr—t. 
We use now the fact that if one side of a defining relation of F begins with a, 
then the other side begins with a power of b. In (3.7), if A; ends with aba, 
then m: is a and hence Anı (or yr) begins with a power of b. In this case 
£rn cannot overlap both A; and Ag: (or nr). In (3.8), if À, ends in abéa, 
then 7; is ab? and hence Anı (or yr) begins with a power of b. In this case 
Er cannot overlap both À, and Aw: (or yr). In (3.9), if A, ends in absabs-ni, 
then +; is bt and hence Anı (or yr) begins with a. In this case ¢,,, can overlap 
à: by a power of b, the rest of é being contained in Anı (we can disregard nr 
here since we have assumed that é —> nr does not have a -overlap with 


b+ — nr). 


In this final case, all of ¿mı except a power of b at the left end lies in 
Am. Hence the transformations mip —> Meren and Era — mr have a K- 
overlap. Now 


(3. 18) | Wty Æ Ad: t * AtA Tta Mta " Hr-1X 


where the transformations ne — ņa" * * , 6 — nr all occur in the subword 
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Wists’ ° pra Stee Cra — nra occurs in the subword A,Az, it is easily 
seen that the following sequences of r + 1 elementary transformations 


(3. 19) Éi “> i T ° "5 Cts —> Mt+15 Ers —> Nre Ete > Nir °° Ér —> Ur 


transforms ag into wm. Replacing Eti — Nts 41 > aru Dy a single elemen- 
tary transformation, as we may do since these two transformations have a 
K-overlap, we can transform ag into wr by r elementary transformations and 
hence ax into aß by n elementary transformations. Then, by our inductive 
hypothesis, æ and 8 are equivalent. This completes the proof of the lemma. 

Lemma 7 requires only trivial changes in order to prove that if bo and 
bB are equivalent words in F, then a and 8 are equivalent. Also, if in the 
above, we consider short overlaps of type (b), the same method of proof shows 
that if ga and Ba (ab and Bb) are equivalent words in F, then g and B are 
equivalent. . 

Hence if ga — gf or ag = Bg (g is a generator, a or b) is a relation 
in F, then « = £ is a relation in F. It follows that two words are equivalent 
in F if and only if they are equivalent in the cancellation semigroup C 
having the same generators and defining relations as F. Thus, the identity 
mapping is an isomorphism between F and C. We have now embedded the 
cancellation semigroup S in a cancellation semigroup C generated by two 
elements. However, the defining relations of C are not in a very useful form. 
This is remedied by the next lemma. 


Lemma 8. The cancellation semigroup O (and hence the semigroup F) 
is isomorphic to the cancellation semigroup D generated by a, b with defining 
relations | 
(3.20) pi( 6x, G2, 08° > +) == 01( 61, 92, 63,° - +), I= Oe ae 


Proof. It is sufficient to show that C satisfies the defining relations of 
D and that D satisfies the defining relations of O. Now pilgu ga 9s,° * *) 
== 01 (91, Jz Js,‘ °°) is a relation in S and so, by Lemma 4(1), p:i(61, 02, 08, * * *) 
== 0; (6,, 02, 03,° + +) is a relation in F, therefore a relation in C. Hence C 
satisfies the defining relations of D. Furthermore, a defining relation of C 
has the form 6-?a’b-? — b-?8’b-" where a == is a relation in S. It is easy 
to show that if a — 8 is a relation in § then & = 8” is a relation in D.? On ` 
cancelling powers of b it follows that b-?a’b-¢ = b-?8’b-2 is a relation in D. 
Hence D satisfies the defining relations of C. 


We are now in a position to state the main theorem. 


7 Using the correspondence g, <> 8, we can copy in D the steps leading to the 
relation a == 6 in &. 
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THEOREM I. Let S be a cancellation semigroup given by generators 
Gas Gas Gs," © © and relations 


pil 91s Jo Gas °°) = ilgo 92, Jus), 4 = 1, 2,3, *: 


and such that S does not contain a group as a subsemigroup. Then S§ rs 
isomorphic to the subsemigroup generated by biabiabt, à = 1,2, 3,: - -, of 
the cancellation semigroup generated by a, b with defining relations 


pi (babab, b?ab?a°b?, biab3a?bs, rs -) == o; ( babab, b?ab?a°b?, babab’, poa oF 


i=—1,2,--°. 


In the above work the empty word was excluded from consideration as a 
word in a semigroup or cancellation semigroup given by generators and 
relations. However, the proof of Theorem I goes through unchanged even 
if the empty words is included among the words of the semigroups considered. 
This will then be a unit element for S and the restriction, that for no non- 
empty g is gia g; or ag; == g; a relation, can be replaced by the following. 
There is no relation of the form « = 1 in S, where a is a non-empty word in 
the generators of S. 


COROLLARY. A countable cancellation semigroup with a unit but without 
non-trivial subgroups can be embedded in a cancellation semigroup with a unit 
generated by two elements. 


As in [1], the above embedding theorem can be interpreted in terms of a 
property of certain subsemigroups of the free cancellation semigroup on two 
generators. In our construction we have used the subsemigroup generated by 
61, 82, 0° © +. We may ask which other semigroups can play the role of K 
in the proof of the embedding theorem. It is easy to obtain sets of generators 
to replace the 4; which have a more complicated form than the 6; as words in 
a, b; one such is biatbiaib', i = 1, 2, 3,- - - but it seems likely that no simpler 
set of words can replace 6, 62, 63,° °°. 


4. The word problem for cancellation semigroups.® A. M. Turing [5] 
has given an example of a finitely generated and related cancellation semi- 
group with an unsolvable word problem. Using the embedding of Theorem I, 
we can prove the following theorem. 


I am indebted to Dr. W. W. Boone for several illuminating discussions concerning 
the word problem for cancellation semigroups. The proof given that there is no relation 
a= ] (aa non-empty word) in Turing’s semigroup is essentially due to Dr. Boone, 
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THEOREM II. There exists a finitely related cancellation semigroup 
generated by two elements for which the word problem is unsolvable. 


Proof. It is only necessary to show that the cancellation semigroup 
constructed by Turing in [5] satisfies the condition of Theorem I necessary 
for it to be embedded in a two-generator cancellation semigroup. We shall 
use the terminology of [5] but adapt the notation to conform with the rest 
of this paper. 


Let S be the semigroup given by the generators and defining relations 
on pp. 495-496 in [5] and let C be the cancellation semigroup with the same 
generators and defining relations. We first show that two words in the 
generators are equivalent in S if, and only if, they are equivalent in C. 
Turing has stated the equivalent of this in [5], p. 497, line 12 ff. but only 
proves that two normal words are equivalent in S if, and only if, they are 
equivalent in C ([5], Lemmas 17 and 19). 

Any word g in the generators can be written as Àg:g2u where 9192 is a 
barrier and Ag, contains no barrier. Here À and » may be empty. Using 
Lemmas 5 to 11 in [5], in particular Lemma 11, if 8 is equivalent to g in g 
(i.e. 8 can be obtained by a sequence of elementary transformations from a), 
then 8 can be written in the form «gzg.7 where gags is a barrier, Ag, is equi- 
valent to xg; in S, and gop is equivalent to gar in S. Furthermore «g, contains 
no barrier. Hence the transformation of « into B can be effected by first 
transforming Ag, into «gs, then transforming gop into gar. 

Assume now that « is of the form gy and B8 is of the form gè hee g 
is a generator. Then Ag, «gz can be written as gp, go respectively. As words 
without barriers, gp and go are either both normal or both consist entirely of 
left (right) symbols. If gp, go are normal, by [5], Lemma 17, p and o are 
equivalent in S. . If gp, go consist entirely of left (right) symbols, by [5], 
Lemma 18, the words gp and go are identical and so, again, p and o are 
equivalent in ¥. . 

It follows that there is a sequence of elementary transformations taking 
y into 8; 1e. y and 8 are equivalent in 8. In the same way we can show that 
if two words yg, dg are equivalent in 9, then y and à are equivalent in 8. 
Thus two words are equivalent in § if, and only if, they are equivalent in ©. 

It is now easy to show that no relation of the form a = 1 (or ga =g 
if we are not allowing the empty word) holds in C, where g is a non-empty 
word in the generators. For & == 1 (or ga=~g) in C if, and only if, there 
is a sequence of elementary transformations of S carrying « into the empty 
word (or ga into g). Now, in the defining relations of 9, no side of a relation 
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has length less than two in the generators. Hence, neither the empty word 
nor a word consisting of a single generator can be affected by an elementary 
transformation of $ and so neither can be equivalent to any word other than 
itself. 

The cancellation semigroup C therefore satisfies the condition necessary 
for Theorem I to apply and we can embed C in a cancellation semigroup 
generated by two elements. This two-generator cancellation semigroup has 
the same (finite) number of defining relations as C and obviously its word 
problem is unsolvable. 


THE INSTITUTE FOR ADVANCED STUDY. 
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THE UNITARY EQUIVALENCE OF BINORMAL OPERATORS.* : 


By ARLEN BROWN. 


1. Introduction. The principal object of this paper is to give a set of 
unitary invariants for a certain class of operators (called binormal) so chosen 
as to be a generalization in operator form of the 2 X 2 complex valued matrix 
in a way parallel to the way in which a normal operator is a generalization 
of a complex number. A binormal operator consists essentially of a 2 X 2 
matrix of mutually commuting normal operators acting in the usual fashion © 
on a Hilbert space of the form % @ Y. But while this characterization of 
the object of investigation has the advantage of immediacy, the more con- 
venient definition for the purposes of this paper, and the one given below, 
is in terms of the *-ring it generates. The exact relation between these two 
aspects of a binormal operator is the first problem to which we address our 
attention, and the desired formulation is stated in Theorems 1 and 2. The 
central result of the paper may be paraphrased as follows: We attach to a 
binormal operator four commuting normal operators (fixed polynomial func- 
tions of the operator and its adjoint) and show that except for comparatively 
uninteresting normal direct summands which each posseses, two binormal 
operators are unitarily equivalent if and only if these four functions of each 
are simultaneously unitarily equivalent in pairs (Theorem 5). In the course 
of proving this it is necessary to obtain considerable information about the 
structure of a binormal operator, and in particular a sort of standard form 
is given for any such operator (§ 9). Also we show that Dixmier’s solution 
of the “ two projection problem ” [2] is subsumed under the theory of binormal 
operators in a natural and satisfactory manner. 

Concepts or terms introduced below without any definition are to be taken 
as defined in such standard works as [11] or [15]. Al the terminology will 
be found to be in accord with the more recent work [4]. To mention a few 
relevant points in advance however: Hilbert space always means a Hilbert 


* Received Nov. 1953. 

1 This paper is essentially a part of the thesis submitted in partial fulfillment of 
the requirements for the Ph. D. degree at The University of Chicago. The research for 
the paper was carried out while the author was an Atomic Energy Commission Pre- 
Doctoral Fellow. 
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space admitting complex numbers as scalars. It is not assumed to be infinite 
dimensional. The term operator is used exclusively to signify a bounded linear 
transformation of a Hilbert space into itself. The notions of a ring (of 
operators), of the equivalence of projections, of factors and types ete., are 
those introduced by Murray and von Neumann in [10]. Rings are not assumed 
to contain the identity operator (but every ring does automatically have a 
unit, namely its maximal central projection). 

The familiar notation Diag(a, y,2,--:-:) (%,y,2,: : any symbols) is 
employed to signify the diagonal matrix with entries v, y, z,- - - from left to 
right down the main diagonal. Moreover, for the sake of brevity in repeated 
references to triangular 2 X 2 matrices we use the notation Tri(z, y,z) to 


stand for 
0 af 


The author wishes to express his sincere gratitude to Professor Irving 
Kaplansky for his helpful suggestions during the preparation of this paper. 
Thanks are particularly due for many conversations about the papers on 
AW*-algebras [6], [8] which are the basis of this study. 


2. Binormal Rings. We begin by defining the class of operators to be 
investigated in terms of the rings containing them. A ring R will be called 
binormal if it satisfies the identity 


(7 DE XX A A 4, = 0 


where X;,1==1,---,4 are arbitrary elements of R, the summation is taken 
over all permutations of (1, 2,3, 4) and the sign is the parity of the permu- 
tation. A single operator is binormal if the ring it generates (the smallest 
ring containing it) is binormal. This identity is so chosen that the full ring 
of n X n matrices over a commutative ring with unit satisfies it if and only 
if n <= 2 [1], and it would not be very difficult to show directly that the only 
binormal factors are J, and Js, thus making it possible to use reduction theory 
to Study the relation between binormal rings and matrix rings, and indeed 
the next two sections will make precise the exact sense in which a binormal 
ring is a 2 X 2 matrix ring. It has seemed preferable, however, to develop 
the necessary theory “in the large” independently of the use of reduction 
theory, and the following analysis is based upon some results of Kaplansky [8]. 
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3. The imposition of (*) on a ring of operators restricts the equivalence 
of projections in the ring. Thus we have at once: 


Lemma 3.1. If the ring of operators R is binormal then it does not 
contain three mutually equivalent, orthogonal, nonzero projections. 


Proof. If it did one could construct at once in standard fashion an 
abstract system of 3 X 3 matrix units, which obviously could not satisfy (*). 


Let us follow the terminology of [8] in calling a projection E 40 ina 
ring R abelian if the subring ERE is abelian. The following lemma is an 
immediate consequence of Lemma 3.1 and [8], Lemma 4. 12. 


Lemma 3.2. If R is a nontrivial binormal ring then R contains an 
abelian projection. In fact, if E340 is any projection in the center of R 
then R contains an abelian projection F = E. (In terminology of [8] then, 
R is of type I.) 


We call a projection G in a ring R homogeneous (of order two) if 
G— G, + G where G, and G, are orthogonal and equivalent abelian pro-. 
jections in R. (There is no need here to define homogeneity of higher orders 
as we shall be concerned exclusively with binormal rings.) A binormal ring 
will be called homogeneous if the identity operator 1 is homogeneous in it. 
The following lemma is a direct consequence of the definition. 


Lemma 3.3. The supremum of an orthogonal family of central abelian 
[homogeneous] projections is itself central abelian [homogeneous]. 


THEOREM 1. Let Y be a Hilbert space and R a binormal ring on H. 
Then there are subspaces M and N, orthogonal complements of one another, 
and rings R, and R. on Mm and 'N respectively, such that R, is abelian, 
KR, ts binormal and homogeneous, and such that R = R, @ R, (i. e., such that 
R consists of all operators on Y% =M ON of the form A Ð B with Ac R; 
and BeR,). 


Proof. By Zorms Lemma let {#;} be an orthogonal system of nonzero 
central projections in R which is maximal with respect to the property that 
each Æ; is either abelian or homogeneous. It results in standard fashion from 
an application of Lemmas 3.1 and 3.2 along with [8], Lemma 4. 8 and the 
usual argument from maximality that E == sup,l; is the unit of R. We now 
simply split {Æ;} into two parts, denoting by P the supremum of the sub- 
collection of the 47s which are abelian and by Q the supremum of the homo- 
geneous Eÿs. Then E = P + Q, P is central abelian and Q is central and 
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homogeneous. We set N — Q(%#) and M =H ON and define R, and R, 
by restricting the operators of R to Mm and N respectively. The desired 
relations follow at once. . 


In view of this theorem we may limit our considerations to binormal 
rings which are homogeneous. Accordingly, let R be a binormal ring on a 
Hilbert space 9 and let 1 = FE, + E. where the projections E; (t= 1,2) 
are orthogonal, equivalent and abelian in R. Set E,(%) =N; Since the 
Wps are equivalent there is a partial isometry V e R with V*V = F, and 
VV* = E, and hence V|, is an isomorphism between the two Hilbert 
spaces N, and Ne. If we let K denote the Hilbert space MN, ® À, and define 
j(x,y) =x + Vy for (x, y) eK, it is easy to see that 7 is an isomorphism - 
of K onto Y, and hence that the set È of all operators j-1Aj for A eR is a 
unitarily isomorphic copy of R on K. Thus we represent R as a ring of 
2 2 matrices in the usual fashion. (Quite precisely, we identify the 
operator O on K with the matrix (W;;) according to the formula C(s, y) 
= (Wie + Wrey, Woe + Woy) where, of course, the Wps are operators 
on Na.) 

It is easy to settle the question of exactly what matrices correspond to R 
in this scheme. In the first place, the two projections E, and E», which we 
now prefer to call #,, and Fs, along with V and V*, which we denote by 
Ho, and Eis respectively, give us a set of matrix units in R with £,, + Hos. | | 
and, furthermore, these four operators are carried by 7 onto the unit matrices 


mo 696) ENED 


in natural order. Let us state the following theorem, making use of the 
notation already introduced. 


THEOREM 2. Let R be a homogeneous binormal ring on % with the 
matrix units {yj} 1,7 = 1,2 where Ly, and Ez are orthogonal abelian pro- 
jections with Hy, + Ez —1. Then R is represented via j on K as the 
` ring R of exactly those matrices (W) whose entries le in the abelian ring 
Z’ on Ny, where Z consists of ali restrictions to Nl, of the operators in 
ERE.. A ring is homogeneous and binormal if and only if it can be so 
represented for some abelian ring containing 1. Under this isomorphism the 
matrix units Ey correspond in natural order to the unit matrices (**) and 
the center 1s carried onto the 2-fold copy of Z consisting of all matrices 
Diag(W, W) with W eZ. 


Proof. In the first place, it is a well known fact of matrix theory (see 


10 
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e.g. [5], pp. 57-58) that R consists of all elements of the form 3,4iyHy 
where Aye D and D denotes the collection of elements of R commuting with 
all Ey. This D is a ring between R and its center Z and an operator in it is 
carried by j onto some matrix (Wy) which commutes with all four unit 
matrices. Computation shows that W,, = Wa == 0 and W,, = W so that 
the elements of D correspond under j to matrices Diag(W, W) in R. But 
then also it is clear from the definition that W eZ’ and hence that D is 
abelian, so that D = Z is the center of R, and, as is readily seen, the theorem 
follows. 


COROLLARY A. In a homogeneous binormal ring, the only central abelian 
projection is 0. 


Proof. A central projection must have the form Diag(#,#) where E 
is a projection. If this element is also abelian the matrix Tri(0, #,0) must 
commute with its own transpose, whence FE = 0. 


This last result enables us to clear up a point which was left unsettled 
in Theorem 1. Reverting for the time being to the notation of that theorem 
we recall that the unit Æ of the arbitrary binormal ring R is written 
E—P+Q with N =— Q(X) so that the result, R, of restricting the 
elements of R to “A is homogeneous and binormal. Now if F is any central 
abelian projection in R and if F, == F|% then F,, being again central and 
abelian in R., must be trivial, or FQ = 0 which implies F =P. Since P is 
itself central abelian by construction we see that P is identified as the maximal 
central abelian projection in R. 


COROLLARY B. The decomposition of Theorem 1 is unique. The pro- 
jection on the subspace M is the sum of the annihilating projection 1 — E 
and the maximal central abelian projection P. 


4. If Æ, and Y, are Hilbert space and if :®%, — &, is an iso- 
morphism then we write ¢°(A) == 149 where À is an operator on &,, 
introducing the notation ¢° for the unitary isomorphism implemented by ¢. 
We proceed to investigate the circumstances under which two binormal rings 
are unitarily equivalent, and in view of the last result we shall assume that 
they are both homogeneous. | 


THBOREM 3. Let R, and R, be homogeneous binormal rings on Hilbert 
spaces H, and HM, respectively. Let Z, and Z, be their respective centers. 
Then R, and R, are unitarily equivalent if and only if Z, and Z, are, and 


m 
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further, if $° is any unitary isomorphism of Z, onto Z:, there is another 
unitary isomorphism y° of R, onto R, which agrees with $° on the ring Za. 


Proof. We limit oùr attention to the last assertion. By Theorem 2 we 
may assume that (i = 1,2) %,— Mi D M; and that the operators in. the 
ring R; are those matrices whose entries lie in the abelian ring Z’; on the 
space Mı The centers, Zi, consist then of all operators A @ A with A e Z’. 
It is sufficient to obtain a new isomorphism y: ¥ı— 9, such that 
Y’ |Z. = $° | Z, and with the further property that y can be factored, y = v © o, 
where w: 9;,— M, is an isomorphism with w°(Z”,) == Z’. Moreover, if 
each Z’; (and hence each Z;) is resolved into its pieces of uniform multiplicity 
and account is taken of the given unitary isomorphism, it follows that it 
suffices to prove the theorem under the assumption that the rings Z’; have 
uniform multiplicity n (where n is a not necessarily finite cardinal number) 
and we accordingly assume this to be the case.’ 


Now (41,2) 2%; is the n-fold copy of a maximal abelian ring M; on 
some Hilbert space K; (for the sake of simplicity we ignore the distinction 
between internal and external direct sum) and the given isomorphism ¢ 
furnishes us with an algebraic *-isomorphism x°: M, —> M, in a natural way. 
But these are maximal abelian rings and a *-isomorphism between two such 
rings is in fact spatially implemented.* Hence there exists an isomorphism 
x: Kı—> K, which justifies our use of the notation x°. The desired iso- 
morphisms w and # are obtained as n-fold and 2n-fold copies respectively of x. 


5. The most general homogeneous binormal ring is the ring R of 
operators on a space ¥ — M @ M consisting of all matrices with entries in 
Z’, where Z’ is some abelian ring on Mm containing 1. Concerning the ring Z’ 


it is well known that there is a compact Hausdorff space X such that Z’ is 


isomorphic to the algebra C(X) of all complex valued continuous functions 
on X under a map which preserves not only the ring operations in Z’ con- 
sidered as a *-ring but the norms of elements as well. This is no more than 
the usual representation theorem for abelian C*-algebras with unit, and 


“It may be noted that from this point the proof goes through even if the *-iso- 
morphism ¢° is not spatially implemented. Thus the assumption that the isomorphism 
ig unitary serves essentially to align the various parts of the rings Z, having uniform 
multiplicity. It is not difficult to see that the condition of uniform multiplicity here 
its is equivalent to the homogeneity of the commutants in an appropriate sense. 

ee [6]. 


* A proof of this important fact has been given by Segal in [13], Part II, Th. 1 
and [14], Th. 4.1. 
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would hold if Z’ were only closed in the uniform topology for operators. The 
fact that Z’ is actually a ring of operators leads to the additional requirement 
that X be totally disconnected (i. e., possess a topological base of compact- 
open sets) and further to the condition that the closure of every open set in 
X be open ([16]). 

We conclude our considerations of binormal rings by extending this 
correspondence to a functional representation for R itself. Consider the 
collection M, (Æ) of all continuous functions from X to the ring of all 2 X 2 
matrices. (The latter ring is, for this purpose, considered as the ring of all 
operators on some 2-dimensional Hilbert space. The topology that it so acquires 
is obviously the same as that commonly given it by means of coordinates.) 
We can give M,(X) the structure of a normed algebra in the usual way 
by defining algebraic operations pointwise and writing | A || = supe || 4 (2) || 
for Ae M.(X). It is a simple matter to verify that this yields a new C*- 
algebra which we also denote by M.(X). 

Now an element W of R is a matrix with entries, say, Wy for i, j = 1, 2. 
The correspondence between Z’ and C(X) gives us continuous functions wi; 
on X corresponding respectively to Wy. We define 6(W) (x) = (wi(x) ) for 
sveg. Then ®(W) e M,(%X) and we have a mapping 6: R-> M.(X). One 
verifies directly that @ is onto M (Æ) and preserves all the ring operations 
in R (including *) and, from the uniqueness of the norm of a C*-algebra 
({7], Th. 6.4), we conclude also that ® preserves the norms of elements. 
For convenience we summarize this as: 


THEOREM 4. Let R be the homogeneous binormal ring of operators on 
H— ME M consisting of matrices with entries in the abelian ring Z’ 
on M. Let C(X) be isomorphic to Z under a map ¢. Then the map ® 
defined by &(Wi;) (x) = (6(Wij) (x) is an isometric *-isomorphism (or in 
other words a C*-isomorphism) between R and the ring M2(&). 


. 6. Binormal operators. Call a subspace Æ normal with respect to A 
if it reduces A and if A|¥ is a normal operator: The supremum X of all 
subspaces normal with respect to A is also normal with respect to A. This 
maximum normal subspace, together with the normal operator A|X on it, 
we shall call the normal kernelt of A. If K — 0 we shall say that A is 
reduced. In terms of these concepts we may characterize the binormal 
operators which generate homogeneous rings. 


# We shall sometimes take the liberty of referring to either the subspace K or the 
operator A | alone as the normal kernel. The exact meaning will always be clear in 
context. 
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Lemma 6.1. Let A be binormal on H% and let K be its normal kernel. 
Let A generate the binormal ring R and let M and ‘N be the subspaces of 
the unique decomposition of Theorem 1. Then K =M. 


Proof. In the first place, Mm is normal with respect to A by its definition 
so that Mm C K. To prove the other inclusion, let T be any operator com- 
muting with A and A*. Computation shows that # is invariant under T. 
Replacing T by 7™ we see that K reduces T. Write F for the projection 
of & onto K and E as before for the maximal projection in R. Then ([{12], 
Satz 5) FEeR. But FE is also of course in the commutant of R and hence 
is central. Let = H(&) so that FE projects onto KN £. It is easily 
seen that the restriction of any two operators in R to K N Æ must commute, 
and hence that FE is abelian. By Theorem 2, Corollary B, this implies that 
KN LC M and the desired relation K C M follows. 


In other words then, the binormal operators-which generate homogeneous 
rings are those which are reduced. Since the normal kernel is surely pre- 
served under unitary isomorphism, we may accomplish our goal of giving a 
set of unitary invariants for a binormal operator by solving the problem in 
the reduced case. 

7. Before turning to the general investigation it will be instructive to 
look closely at two special kinds of binormal operators which are particularly 
amenable to our approach. 


Lemma 7.1. Let T, and T, be operators on Y satisfying 
TP = aT; | 1 = 1,2 


for complex numbers a, and as. Then the algebra of operators generated by 
`T, and T, (in the purely algebraic sense) satisfies (*). 


Proof. This is a special statement, of the result ([9], Lemma 5). 


In view of this it is easily seen that an operator A is certainly binormal 
if A? = gA for some complex number æ, for then also A*? == GA*, Indeed, 
it is not hard to see that A is binormal if it satisfies a quadratic equation 
aA? + BA +y =0 for a, B and y arbitrary complex numbers, but all the 
possibilities thus presented reduce readily to one or the other of the soloing 
distinct special cases, which we proceed to treat in order. 


a) Ał=— 0: The assumption that A is reduced leads in this case to 
hn NN*=0 where N and N* are the null spaces of A and A* respectively. 
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Let R be the ring generated by such an A. ‘Then (employing the notation 
introduced in Theorem 2) R consists of all 2 X 2 matrices (Z4) with entries 
in the ring Z’ on Mm. The operator A itself we shall write as the matrix 
(Ai). Using Theorem 4, we obtain an isomorphism between R and a ring 
M(X) under which A corresponds to an element A(-) whose value at each 
point teX is the matrix A(z) = (ay(x)) with A(z)? =0. (Here and 
throughout, if Z e Z’ we shall denote by z the continuous function in C(x) 
corresponding to it, and if B = (Z4) is in R, the corresponding element of 
M.(X) will be denoted by B(-) so that B(x) = (z2,;(z)) for veg.) For 
every x the trace and determinant of A(x) are both 0. Now set 


År” Åz” Åi” Aa” 
a= An — An ) Ca ( Azz — Ais ): 
Since the operators C,C,* == C,*C, and C,0:* = C,*C3 are central in R, the 
projections, says F, and F,, on their respective null spaces are also central, 
and correspond to compact-open sets L, and L, in # (More exactly, Fi 
corresponds to the function in M/,(%) whose value is the matrix 1 at every 
point of L; and 0 at every point of Æ—Z;.) The subspaces onto which F, 
and F, project (the null spaces of C, and Cs respectively) we shall call £, 
and £» Write C; in polar form, C; = |C;|U; for i—1,2. (The absolute 
value of a normal operator is the positive square root of the product of it 
with its own adjoint.) The operator U; is 0 on the subspace &,, (which 
reduces it) and operates unitarily on % © £; and so corresponds to a func- 
tion U;(-) e M.(X) which is 0 on L; and unitary valued on  — Lj. 
Now define 

U(t) él Ci(z) xkl 

UNG) == ru ot) mr a 


These correspond to the operators U = U, + F,U, and C = 0, + FC, in R 
and C = |C|U is the polar resolution of C. The function U(-) is unitary 
valued except on Lı N Le. But on this set, Ci(x) = C(x) —0 so that 
a(s) = 0 for 1, } = 1,2 and A(z) —0. This means that F,F,4 = 0 and 
that £, N £- is normal with respect to A. Since A is reduced we conclude 
that Lı N L = 0, or, in other words, that U is unitary. In particular, C is 
non-singular." 

_ Now denote by B the operator VAU*. We have CC*B —CAC* and it 
follows that CC*B has the form Tri(0,*,0) since C(z)A(x)C(x)* has this 
form whether v £ L, or not by the way C, and Ca were chosen. But then also . 


5 A non-singular operator is one with a trivial null space. 
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B=Tri(0,G,0) for some Geg, since CC* is a non-singular matrix 
Diag (P,P), which implies that P can be cancelled in the matric equation 
for CC*B. 

Since B must be reduced also we learn that G is non-singular. Hence, 
in the polar resolution G= |G|W, W is unitary and the operator’ 
U’ = Diag(1, W) is unitary in R. But U’BU’* = Tri(0, [G],0). Thus 
by a slight modification in the unitary operator U we can arrange for B to 
have the property that G > 0, and we accordingly assume this to be the case. 

Now polynomials in B and B* are matrices whose entries are polynomials 
in G. A continuity argument shows that every element of the ring generated 
by B, which is of course R itself, has its entries in the ring onn generated 
by G.. This in turn implies that G generates Z’, and hence that 


à on G? 0 
B*B + BB” —( 0 a] 

generates the center Z of R. This central element may also, of course, be 
written A*A + AA*. Thus A*A + AA* generates the center Z of the ring 
R generated by A. 

Now suppose given reduced operators A, and A, on spaces Y, and Xe 
respectively, such that both A, and A, have square zero. Suppose moreover 
that there exists an isomorphism ¢: %, — &, with 


p° (4i Aa + Aada") — AA + Adds 


Let A; generate the ring of operators R; with center Z;, 1—1,2. Then 
$? (Z2) = Z., and, emplyong Theorem 3, we may replace $ by an isomor- 
phism y such that not only is y°(As*A.+ A,4,*) = A,*A, +4,4,” and 
(22) = Z:1, but also ¥°(R.) = R,. We now make R, correspond to a ring 
M,(X) as above. As we have seen, there are unitary elements Ọ; (i= 1, 2) 
in R, such that U,A,U,* and U.y°(A.)U2* correspond to elements G;(-) 
in M.(X) with G(x) = Tri(0, g:(x), 0), gi(£) Z0 for seg. Since also 


Diag (1° (x), 91° (2) ) = Diag (g (£), g2°(x)), 


we have gı (£) —g2(a) for every x so that G,(-) =G,(-). Thus U,4,U,* 
= Uxy°(A,)U,*. The appropriate combination of the isomorphisms U., U, 
and ÿ° yields a unitary equivalence between A, and Ag. 

A simple argument frees us from the assumption that A is reduced and 
we summarize as follows: For an operator A with A? =Q a complete set of 
unitary invariants is furnished by the unitary equivalence class of the self- 
adjoint operator A*A + AA*. It may be remarked that in the reduced case 
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the two operators A*A and AA* are themselves unitarily equivalent so that 

we could go a step further and use either of them in determining an invariant 

for A*A + AA* and hence for A. It is easy to see, however, that this 
assertion fails in the presence of a non-trivial normal kernel 


b) A?—A: We assume once more that A is without normal kernel. 
The latter in this case is clearly a projection. The ring R-generated by A 
may be represented on J/.(X) under a correspondence which carries A onto 
a function A(-) with A(z)? = A(x) everywhere on ¥. The matrix A(z) 
can have only Os and 1’s for characteristic roots so that its trace £(x) is 
either 0, 1 or 2. Since ¢ is continuous the subset on which £ takes each of 
these vajues is compact-open. But let d(x) denote the determinant of A(x). 
Then A(a)? — t(x)A (s) + d(x) = (1 — t(x)) A(x) + d(x) = 0,.80 that the pos- 
sibilities t(z) = 0 and t(x) = 2 yield respectively the relations A(z) == = d(a), 
and the sets on which these two relations hold correspond to subspaces which 
are normal with respect to A. It follows that t(s) = 1 identically and hence 
that d vanishes identically. Let us again set B — UAU* where U is the same 
unitary element defined in a). In the present case it is readily seen that the 
element of M.(X) corresponding to CC*B = CAC* has the form 

es re 
0 0 
where, as before, CC* = Diag(P,P) and it follows that B == Tri(1, H, 0) 
for some operator H e Z’. As before we may assume that H > 0 since it is 
non-singular. | 

By a repetition of the argument used above we conclude that the ring 
Z on Yn is generated by the single operator H (1 being in this latter ring 
automatically). Since in this case 


*wY2 o. se 0 
(B—B*)*—(~) e) 


(B— B*)? = (A — A*)? generates the center Z of R, and, proceeding exactly 
as before, we find: A complete set of unitary invariants for the idempotent 
operator A is furnished by the unitary equivalence class of the self-adjoint 
operator (A—A*)? (or of À — A*) together with that of the projection 
whach is the normal kernel of A. 


TE 


8. In these two examples the procedure has been to put the information 
we have about binormal rings and what we know of 2 X 2 matrices together. 
In approaching the general case in this spirit we-shall need a solution of the 
special problem of the unitary equivalence of 2 X 2 matrices. 
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We begin by assuming that the matrix C is not normal. Let b be a 
characteristic root of C. It is a simple matter to find a unitary matrix U 
such that UCU* has the form Tri(a,c,b) with (0,6) in the lower row. 
The entry a is then the other characteristic root and is fixed, but with these 
three entries unchanged the matrix U may be varied so as to replace c by cefŸ 
with arbitrary ¢. In particular, ¢ can be made real and positive. With this 
restriction, along with the condition that the lower row be (0, 6), the matrix 
equivalent to C is uniquely determined. Similarly C is equivalent to another 
matrix Tri(b, d,a) with d > 0, but computation shows that |e] = | d |, or 
c= d. This proves: i 


Lemma 8.1. If C is any 2X2 complex matrix then there is a unique 
non-negative real number r such that C is unitarily equivalent to a matria 
Tri(a,r,b). The diagonal entries are then the characteristic roots of C in 
some order (so that while this 1s not quite a canonical form, there can be at 
most two choices for it). # complete set of unitary invariants for C is 
furnished by the number r and the trace and determinant of C. 


Let us now define (for A an element of an arbitrary C*-algebra) the 


- functions: 


f(A) =[4, A*]? hA) = LA, AT, PC) = (A, 4*] + [4% 4*]}, 
f(A) = (A[A, 4*])?, 
where [A, B] denotes the commutator BA — AB. 


LEMMA 8.2. If A is ar X2 complex matrix then f;(A) is a scalar 
matrix for 1—1,:::,4 Two non-normal 2 X 2 matrices A and B are 
unitary equivalent if and only tf fi(A) = fi(B) for all i. 


Proof. Since the square of a 2 X 2 matrix with zero trace, and hence 
in particular of a commutator, is scalar, the first part of the assertion is 
readily established. It follows that the functions f; are constant on unitary 
equivalence classes, which proves the necessity of the condition of the second 
part. Also, to show sufficiency, we may replace A and B by any matrices 
unitarily equivalent to them, assuming for instance that A = Tri (æ, 11, b1) 
and B = Tri (as, T2, 62). Computation shows that 


f(A) =f (4), f(A) = (+ DA(A4),  fa(4) = dif, (A) 


where ż and d, are the trace and determinant of A and where fi (A) 
= 732 (912 + | m= 0; |2). The analogous relations hold for B. 
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Now since we assume explicitly that A and B are not normal f,(A) = f,(B) 

x4 0, and we may divide the other qualities by this one, obtaining the relations 

.=t, and dı = d}. This means that A and B have the same characteristic 

roots, and, in particular, that | a,— bd, üz — ba |. From this and 
from f,(4) = f:(B) it follows that r, = fra, and the lemma is proved. 


2 ee 








9. Before stating the final theorem we have need of one more pre- ` 
liminary result. 


LEMMA 9.1. If Band C are any elements of an abelian ring of operators, 
then there is an operator X in the ring satisfying À? + BX + C =—0. 


Proof. In the special case B = 0 this amounts to finding a square root 
of a normal] operator. In the general case we have but to complete the square 
as in the familiar quadratic formula. 


THEOREM 5. If A is a binormal operator then the operators f,(A) for 
+—=1,---,4 are normal and mutually commutative. . If A, and À, are 
reduced binormal operators then they are unitarily equivalent if and only if 
there exists an isomorphism œ such that for all à o°(fi(Az)) = fi(A4:). 


Proof. It clearly suffices to prove the first assertion also under the 
assumption that A has no normal kernel, while, in the second part, we again 
need only concern ourselves with the sufficiency of the condition. Let the 
reduced binormal operator A on & generate the ring R with center Z. Then 
employing Theorems 2 and 4 as before we may assume that ¥ = In @® M, 
that R consists of all 2 X 2 matrices with entries in the abelian ring Z on 
M, and that R is isomorphic to M.(¥) where X is the representation 
space of Z’. The given operator A appears as, say, the matrix (4;;). Also, 
the operators f;(A) correspond to elements Hi(:) in M.(X) for which 
Hi(x) =fi(A(z)) for all s. This means that H;(-) is scalar valued every- 
where and hence that f;(A) e Z fori1=-1,---+,4. Thus the first part of the 
theorem is proved. 


We next take up the problem of reducing the matrix (4;;) to a simpler 
form, exactly as was done in §7, but taking here in the general case 
some extra care which was not needed there. Write T = A + As. and 
D = A22 — AyoAn By Lemma 9.1 there is an operator Z€ Z such 
that Z? — TZ, + D —0. To facilitate matters later on we shall insist 


S'These might conveniently be called the trace and determinant of A. It is seen 
that T@T eZ is the center valued trace of A in the sense of Dixmier [3]. 
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further that Z, lie in the ring generated by T and D on ‘nm. This time we 
write 


C, è 6 SA Aa ) C ( — A Le — =) 
a ? 2 m= . 
Åz Ze mae Au 


It is easy to see that C; is normal in R and that C,C;* eZ for += 1, 2. 
Hence, again, if F; projects 9 onto the null space of Cj, F; is central and 
corresponds to a compact-open set L CX. On L, we have of course 4: = 0 
and @, == 2, while on La the relations a: == 0 and de. == 2, hold identically. 
Thus F,F,A is normal and L, N La =0. Write Ci = |C:| U: in polar form 
for i=-1,2. The element U;(-) e Mf.(X)-is unitary valued on  — L; and 
vanishes identically on L; Hence if we define U(x) to be Ui(x) on ¥— L, 
and U,(æ) on La, the operator U = U, 4+- F,U,eR corresponding to U(-) 
is unitary. Clearly also C == |C|U is the polar decomposition of C where 
C—C,-+F,C, corresponds to the function C(-) with C(s) —C;(x) for 
x # Lı and C(x) = C(x) for ve Ly. 

_ Now let B=UAU* and choose Peg so that the central element 
CCE == CC + F,C:0,% = Diag(P, P). The exact form of p may readily 
be found and direct computation discloses that the function corresponding 
to CC*B = CAC* has the form Tri(*,*, p(@)z.(x)) at every point of X so 
that CC*B == Tri(PZ,, PR, PZ.) for certain operators Z, and R, whence, 
cancelling P once again, B = Tri(Z,, R, Z+). The operator Z, is clearly 
T — Z, Moreover, the operator Æ can be assumed to be positive definite as 
before. Thus the general reduced binormal operator A is unitarily equivalent 
in the ring which it generates to an operator B = Tri(Z,, B, Za) with R > 0. 

We shall now show that the center Z is generated by the four operators 
fi(A). Since these are central we have f;(A) — Diag (M, Mi) 1 =1,---,4 
for certain M;e Z’ and it suffices of course to show that the M; generate Z’. 
Also B=Tri(Z,, R, Z) generates R too which implies that Z,, Z, and R 
generate Z’. Finally, since f;(A) = fi(B), the M, are, in natural order, 


Q, 1*Q, (T +17, DQ 


where Q = R? (R? + |Z, — Z|”). Now Q is non-singular (if it were not 
we would once more be able to produce a subspace normal with respect to B), 
so if £ reduces both Q and DQ it must reduce D. In other words D is in 
the ring, which we may temporarily call Y’, generated by the M; Similarly 
T? and (T + 1)* are in Y’ whence T e Y’. But then also Z:, Z2 Y’. Finally, 
along with (|Z; — Za |? + 8R?)? == |Z, — Z,|* + 4Q, Y’ contains the positive 
square root |Z, — Z,|?-+ 2R? and we are able to conclude that Re Ÿ’ and 
Y = Z. 











~ 
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Now let us suppose, as in the hypothesis of the theorem, that A, and A, 
‘ are reduced binormal operators and that there exists an isomorphism œ with 
9° (fi(A2)) =fi(Ar) for i=1,---,4. By making a familiar application 
of Theorem 3 it is easy to see that we can reduce our problem to the special 
case which arises when A, and A, generate the same ring R and f;(4;) = fi(Ae). 
We then map R onto M.(X) by Theorem 4 Denote by M the set of points 
at which A,(#) and A(x) are unitarily equivalent. Denote also by Hi(-) 
the element of 1/.(%) corresponding to fi( A1) == /f;(Az) and let 


mo =(P (ay) 


We know that A, (x) and A,({#) are normal if and only if fı (x) —0. Since 
fi( dı (£) ) — fi(da(x)) for t—1,---,4 and for all z, it follows from 
Lemma 8:2 that if f(x) 40 then ve M. But the operators À; are reduced 
and therefore the functions A;(-) cannot be normal on an open subset of X, 
whence it follows that M is dense. 


Now if (x) and d(x) are the trace and determinant respectively of 
A;(z) then t(x) = t(x) and d,(v) = d(x) for ze M. Since M is dense 
t, = t, and d, = d, and therefore the pair of operators T and D above is the 
same whether constructed from A, or As. Hence for a suitably chosen Z, 
satisfying 22? —TZ.+ D = 0 and for Z, + Z,=—T we see that A, and A, 
are unitarily equivalent in R to operators B, and B, respectively with 
B, = Tri (Z,, Ras Z2) and B = Tri(Z,, Re, Z2) where R, and Ra are positive. 
We will complete the proof by showing that A, = Ro. 

Let f.(x) #0. Then x e M and the matrices B,(z) and B.,(x) are uni- 
tarily equivalent. Also, (x), t2(7) 20. By Lemma 8.1 ri(s) = r2(x). 
Since this holds on a dense subset we have 7, == r and the theorem is proved. 

In the course of this proof it has appeared that the reduced binormal 
operator (Ai) which generates the ring R is unitarily equivalent in R to a 
matrix Tri(Z,, R, Za) with positive definite R. This is, in general, far-from 
being a canonical form since, as we have seen, Zə can be taken to be any 
solution of a fixed quadratic operator equation. It is clear, however, that 
with the choice of Z, once made the other entries in the matrix are uniquely 
determined. 

It should also be noted explicitly that by adding one more term to the 
list of conditions of this theorem we can easily extend our result to include 
binormal ‘operators which are not assumed to be reduced. In fact, if A, and 
A, are binormal operators with normal kernels N, and N, respectively, it 
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follows at once that A, and A, are unitarily equivalent if and only if there 
exist isomorphisms ¢ and y such that 


1) $°(fi(42)) =fi(4i) (@=1,--°,4)5 2) PN) =N. 


(In general, of course, ¢ and y are defined on different Hilbert spaces.) 
In the special cases treated in § 7, where it was found that a single operator 
suffices to generate the center of R, we may expect to find relations among 
these functions f; and indeed it is easy to verify that if £? — 0 we have 
fa(A) = f(A) =0 and f:(4) —fi(A) = (A*A + AA*)?, while, on the 
other hand, if A? = À the relations f,(A) = 0 and 4f/;(4) =f2(A) = fi (4) 
= (A — A*)*— (A — A*)? obtain. Thus the results of the special cases 
are implied in the general result but in a relatively complicated form, as 
could be expected from the fact that we have had to raise the degree of the 
polynomials f; to take care of the.most general 2 X 2 matrix. 


10. Conclusion. Dixmier [2] has given a solution of the problem of | 
the simultaneous unitary equivalence of two projections, or, what is the same 
thing, of the unitary equivalence problem for operators of the form E + iF 
where Æ and F are projections. Now the operator E + iF generates the same 
ring as do Æ and F together, and hence is binormal by Lemma 7.1. We shall 
now use this fact to solve the problem anew, arriving at essentially the same 
result as that announced in [2]. | 

Let # and F be projections on &. The first step is to reduce the problem 
to the case where the ring R generated by E and F is homogeneous, and- since 
the non-normal part of R cannot here be identified in terms of a normal 
kernel, we must describe the subspace m directly (cf. Theorem 1). The 
projection G of & onto M is, as we know, the sum of P, the maximal central 
abelian projection in R, and the annihilating projection for R, which is 
readily seen to be (L—#)A(1—F). The first problem before us then 
is to identify P. | | 

To begin with, a projection H in the center Z of R is abelian in R 
if HE and HF commute. In particular then FAF, EA(1— F) and 


(1 — E) AF are abelian projections. Let us denote by Q the central abelian 
projection | ; 


(BAF) y ((1—E) AF) y (BA (1—F)) 
. =HAFS(1—F)AF + EA(1—FP). 
Then of course Q =P. But on the other hand 
1= EF 4 (1—E)F 4+ E(1— F) + i—Ff)1—F) 
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and, making usé of the properties ascribed to P, we see that 
`P == P(BAF) + P(A— EAP) + P(EA(G—F)) + P(A— E)AGQ—P)) 
— PQ 


(note that Pe R implies P((1— E) A (1 — F) ) =0) whence P=Q. Thus 
we have proved that P= (HAF) + (1— F)AF+ HA(1—F), and hence 
also that | 


G= (HAP) + 1—/DAP + FAA—P)4+0—AM1— PF). 
We assume accordingly that F and F are projections on & for which 
EAP = (1 — E)AF = EAN — F) = (1 —E) ^A (1 — F) =0 


and we proceed to investigate the circumstances under which # and F are 
simultaneously unitarily equivalent to another pair of projections, say #, and 
F, for which this requirement is also fulfilled. (The reader will perceive 
that this initial simplification of the problem is exactly the one made by 
Dixmier. In the terminology of [2] we are assuming that the subspaces onto 
which # and F project are “in position p” relative to one another.) The 
ring R is then a matrix ring which we represent on Mf,(X) in the usual way. 
The functions #(-) and F(-) corresponding to the generating projections 
E and F are projection valued at every point. Let t(s) denote the trace of 
E(x). Then ¢ can take only the values 0, 1, and 2, and the relations ¢(x) —0 
or t(x) — 2 correspond to the situations H(z) —0 and H(z) —1. Since 
the set of points for which E(x)F(x) £ F(x)E(x) must be dense we con- 
clude that t — 1, and hence that Æ(x) is singular everywhere. It is now a 
simple matter to construct a unitary function U(-) such that 


U(x) E(2)U («)* = B’(«) = (o o) 


for every veg. (We may in fact use the same function defined in the first 
example of §7.) Then 
ere- 4 ) 
U(x) F (2) U (2) E (s) a 1—a(«)}* 
The function a is real and c¢==-a—a’. Let y be a continuous function on 
Æ such that |c(z)|-y(%) —c(x). (That such a y exists can be shown as 
usual by returning to the ring Z’ which is isomorphic to C (Æ) and expresssing 
the operator C corresponding to c in polar form.) If c(x) 540 we must have 
| y(z)| = 1, and since c cannot vanish on any open set we conclude that y 
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has absolute value 1 everywhere. Thus the function U’(-) defined -by 
U’ (x) = Diag(1, y(#)) is unitary in #W,(&), and writing 


F” (a) == U’ (£) P (x) U’ (x)* 


ne [ee lel 
FE 1a) 


while B(x) = U"(a)H’(x)U"(x)* = E’(z). Since | c(x)| = (a(x) — a(s) $ 
one verifies that for every x 
r wt a a | a(x) 0 ) 
(B"(2) + P(e) —1)* (EG) + F@) 19 = (7) 
from which it follows as usual that (E + F-—1)? generates the center Z 
of R. By pursuing the same line of reasoning as we have used in each 


‘previous instance we arrive at the result: If E; and F; are projections on 
Hilbert spaces A; for i = 1,2 and if 


BAF, = BAG — F3) = (1— E)AF,=(1—E) AA — Fi) = 0 


we see 


then E, and F, are simultaneously unitarily equivalent to E, and F, (order 
is of no importance) if and only tf the self-adjoint operators (#, + Fi —1)° 
and (E, -+ F,—1)* are umtarily equivalent. 


il. In connection with the treatment of binormal rings and operators 
given above certain questions naturally come to mind. Among these, most 
notably, are the following: 


1) How, and to what extent, can this work be generalized to include 
rings which are n X n matrix rings for n > 2%, and the operators 
which generate such rings? Can one go on at once to consider 
“trinormal” and, more generally, “n-normal” operators? 


2) To what extent can the set of unitary invariants given in Theorem 5 
be simplified ? 


With regard to 1), the fact is that there is nothing in § 2-§ 5 in which the 
number 2 plays any essential role. If a ring is subjected to any polynomial 
identity whatever, the above line of reasoning can be pursued with only 
unessential changes. The relevant facts are as follows: If R is a ring on # 
satisfying a polynomial identity, then for some (finite) cardinal number n 
(depending on the polynomial identity) R has a direct factorization 
R=R,®---@R, corresponding to a decomposition # = Y, Q- O H, 
The ring R, on &#, is the normal part separated out in Theorem 1 and, for 


432 ARLEN BROWN. 


each 7 > 1, R; on A; is “homogeneous of order 7” in thé sense that, in R; 
1 is the sum of j orthogonal, equivalent, abelian projections. For each homo- 
geneous part R; the analogs of Theorems 2, 8 and 4 hold, and the proofs need 
searcely be modified. (In particular, Theorem 3 provides a set of unitary 
invariants for rings satisfying a polynomial (or finite rings of type J in the 
terminology of [8])). Also, n can be chosen at will by making an appro- 
priate choice of polynomial identity, just as (*) was selected to make n == 2, 
and hence it is possible to give definitions of n-normal operators for any 
finite n. It would appear that for each n the solution of the unitary equi- 
valence problem awaits only an adequate and applicable solution of the 
problem for the special case of n X n matrices. It should be observed at this 
point, however, that a straightforward generalization of the method we have 
used in the case n==2 would involve setting forth a suitably separating 
collection of polynomials on the matrix ring which take their values in ‘the 
center. As of this writing no such center valued polynomials are known to 
the author in any case n > 2. 

If, on the other hand, we drop the assumption that R satisfy a poly- 
nomial identity, and turn rather to the direct assumption that there be an 
adequate supply of abelian projections (assuming, in other words, that R 
is type J but not necessarily finite) the case for the results of this paper 
disintegrates at once. The above mentioned analog of Theorem 1 holds still, — 
but of course need no longer be finite. (A ring is “ homogeneous of order 
N” if 1 is the sum (supremum) of N equivalent, orthogonal, abelian projec- 
tions in it.) The very meanings of Theorems 2 and 4, depending as they do 
on matricial concepts, are in serious jeopardy, while Theorem 3, which is 
meaningful, ‘is, unfortunately, false. Indeed, it is not hard to construct a 
non-trivial factor on K-dimensional Hilbert space which is homogeneous of 
order N (provided, of course, that N is infinite).7 These rings have been 
successfully invéstigated in [13], Part II, where a set of unitary invariants 
is given which does not depend on finiteness, and more recently in [6] where 
it is shown, among other things, that the algebraic analog of Theorem. 3 
remains true. | 

With regard to question 2), we shall content ourselves with showing. by 
an example that in the presence of any non-trivial center it is not possible to 
do away with the simultaneity of the unitary equivalence of fi(A). and f;(B). 
Let ¢; and dibe any complex numbers for i= 1,2 and let a; and b; be so 
chosen that a;+ b: = t; and a;b; = di. Choose also numbers p; and q; for 


7 On the direct sum of 8 copies of a 2-dimensional space X let R be the commutant 
of the N-fold copy of the ring of all operators on K. 
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b= 1,2 such that p, + qı =t, and pıqı =d, while pa + q: =t, and 
Doq2== dı Let m be any positive number exceeding the four quantities 
| a; — b; |? and | pi— q|? Then there exist positive real numbers 7; and & 
such that, for i == 1, 2, rèlr? + | a, — bi |?) = s7(s? + | p— qi |?) =m. Let 
Zi == Tri(a, ri, bi) and Y; = Tri (Pi si, qi) and define the two binormal 4 X 4 
matrices A and B by 
Z, 0 Y, 0 
45 2) B= (0 r) 

If we make the further assumption that t, 34 ta and dı ~ də, we may assert 
that A and B are not unitarily equivalent, and similarly that 2, is not 
unitarily equivalent to Za noy Y, to Y., from which it readily follows that 
-A and B generate the same/ ing (all Diag(C, D) where C and D are any 
2 X 2 matrices) whose center is represented on a 2-point space. Clearly 
neither A nor B has a normal kernel. But though they are not unitarily equi- 
valent, it is an immediate consequence of the construction that f;(A) = f;(B) 
for +==1, 2,3 while the other functions, f,(A) = Diag(d,m, dim, dem, dam) 
and f,(B) == Diag(dam, dim, dim, dim) are obviously unitarily equivalent: 

Finally, a slight variation of this example can be used to show that, in 
proving that two reduced binormal operators which generate the same ring are 
unitarily equivalent in the ring, one cannot avoid making some restrictions 
(such as requiring that certain functions of them agree) which serve to exclude 
the intervention of an isomorphism corresponding to a homeomorphism of 
the representation space. For, in the above construction, with ‘t, == t, and 
dı ~ da, it is readily seen that A and B are unitarily equivalent, but that they 


generate in common the same ring as before which obviously cannot contain 
U carrying A onto B. 


RICE INSTITUTE. 
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ON THE ALGEBRAS FORMED BY THE CAYLEY-DICKSON 
PROCESS.* 1 


By R. D. SCHAFER. 


The iterative process by which L. E. Dickson obtained generalizations 
of Cayley’s 8-dimensional non-associative algebra from the 4-dimensional 
algebras of generalized quaternions can be used, as A. A. Albert has shown in 
[1], to obtain central simple non-associative algebras A; of dimension 2? 
(t = 2, 3,4,- : +) over an arbitrary field F. 

Let Y be an algebra of dimension n over F with identity element 1, and 
let an involution z — be defined in Y satisfying 


(1) x + Z= t(x)1, LE = Et = n(x) i, t(s), n(x) in F. 


Then, for a fixed y s40 in F, an algebra B — W{y} of dimension 2n over F 
may be constructed as the set of all pairs z = (s, y) for x,y in A, with 
the obvious addition and multiplication by scalars, and with multiplication 
defined by 


(2) ZiZa == (Ti, Yr) (Los Yo) = (Gite + yo, YTı + Yade). 


The pairs (v, 0) may be identified with the elements of N, and the element 
1 = (1,0) is an identity element for B. The mapping z= (v, y)—ž == (Ē, —y) 
is an involution of B satisfying z -+ Z= tł(z)l, 2%2—%:—mn(z)1, where 
t(z) == t(@), n(z) =n(c) —yn(y). Beginning with a two-dimensional 
commutative associative algebra W, which is either a separable quadratic 
extension of F or the semisimple algebra F @ F, and in which «—>@ is 
the unique non-trivial automorphism, one obtains in this way a class of 
2'-dimensional algebras A == M; = Mi {yz - * ye} over F. We write 
B == We = Myn) = Wilye, ©‘, yeu}, and it is clear that in our nota- 
tion W = Wif{ye, ++, y} and W, = Wil yer, "++, ye} Imply We = Wif{ya, ++, y}- 
The best-known cases of the algebras N, are the algebras Q == Y of generalized 
quaternions, and the Cayley-Dickson algebras € — Ws. 

In this paper we derive first some elementary properties of the algebras 
%. Our chief purpose is to compute their derivation algebras D(Y:) for 


* Received June 2, 1953. 
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Foundation. 
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t> 38. The derivation algebras D(N;) for é—2 and 3 are well-known. 
D(Q) is isomorphic to the 3-dimensional Lie algebra [0,0], while any 
Q — D(C) of characteristic s4 2 is 14-dimensional and, for F of characteristic 
0, is a central simple Lie algebra of type Œ in the sense that Qo is the 
exceptional simple Lie algebra G, over Q, the algebraic closure of F [8]. 
We show, for {223 and characteristic + 2,8, that O(%{y}) = D(A) 
Hence, for all ¢ > 8, D(X) = D(A) is 14-dimensional, a central simple 
Lie algebra of type G in case F is of characteristic 0. 


Added in the proofs (January 20, 1954). I. Kaplansky announced at 
the American Mathematical Society’s 1953 Summer Institute on Lie algebras 
and Lie groups that D(N,) is central simple for F of characteristic 543 
(and not simple for characteristic 8). If we say that these 14-dimensional 
central simple Lie algebras of characteristic £3 are of type G, we can 
make the obvious changes in our statements above and in the statement of 
Theorem 4. 


1. Elementary properties of the algebras M. It is well-known that 
the algebras Q == W, are associative, and that the algebras © —Y%, are 
alternative? but not associative. Albert has shown [1, p. 172] that 
MWe = H:fy} is alternative if and only if W, is associative. Hence the 
algebras X; are not alternative for t > 3. However, we shall show that all 
of the algebras W, are flexible; that is, 


(cy)x = (yz) for all z, y in M. 

The right and left multiplications R, and Ls of an algebra YW are the 
mappings y > yx == yh, and y > ry = YL; respectively. If S: s- Z= gő 
is an involution of A, then S? — I and 
(3) RS == K Leg, LS = Rag for every x in À. 
The condition for flexibility of an algebra Y is 
(4) 0 Dp hy == Babo for every æ in À. 
Linearized, this identity becomes 


(5) LR EL ER for all a,y in %. 


2 The identities wy = a(ay), ya® = (yæ)æ are satisfied. 
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By (2) matrices for the right and left multiplications of Wn: — Wfy} may 
be written in terms of those for YU; as: 


BR; L Le SL 
o a(R È) (5%) 
(6) Lys Res ySE, Rə 
Lemma 1. If an algebra À, is flexible, then 
(7) Bygkhy = LygLy = Lylys = RyRys for every y in W 


For, applying (5) to J, we obtain (2ÿ)y + n(y)e—=y(Gx) + n(y)s, 
or RysRy = LysLy But LysLy = t(y)Ly— Ly? = LyLys, and similarly 
RygBy == By Byg. 


LemMa 2. If an algebra À, is flexible, then 


(8) t(ey) =t(ye),  #((aa)y) = #(a(ay)) for all æ, ay in AW 
The first of these equalities does not require flexibility. To prove the 
second, we use (5) to compute 
= (wa) y) — t(x(ay)) = (za)y + F (å) — s (ay) — (ÿa)Z 
= d ( [La By} + Sl Res, Lys]) =a (I + 8) [Ez By] 
= t(a) (zy — 2y) = 0. 
THEOREM 1. The algebras W, are flexible for every t. 
This is known for t == 1,2,83. Proceeding in a proof by induction on t, 


we show that [Rz Le] = 0 for every z in Wi == U,{y} from (6) as follows. 
We verify that 


(9) [Ra Lo] + y (LS Ry — SL,Lys) = 0, 
(10) j E E Re LL PL E 
(11) SE al aly Rows Rpt R aR La, 
(12) y(LygSLy — SRyLy) + [Ras Re] = 0 


for all z, y in Ws Now (9) follows from (4), (3), and (7). Also | 

LyRz — Lely + S(LesLy — LyReg) = (I + 8) (LyRy — Lely) = 0 
since, applied to any a in Ma it gives t(a)(ys— yxs) — 0, proving (10). 
Moreover, 
- LygLe — Rolys + (RosLys — LysLes)S = (Lygle — Relys) (I-+-S)=0 > 


since, applied to any a in W; it gives t(x(Ga) —ÿ(az)),=0 by (8). This 
proves (11). Finally (12) follows from (7) and (8). ` . 


438 R. D. SCHAFER. 


The center of a non-associative algebra Ÿ is the set of all elements c in 
À satisfying 
(13) TC = CL for every x in Y, 


(14) (cs)y = c(xy), (xc)y == (cy), (cy)c=ax(yc) for all x, y in À. 


The elements «1 are elements of the center of any algebra %;. Furthermore 
F1 is the center of W, for t= 2. This is well-known for the quaternion 
algebras Q = W, and the Cayley-Dickson algebras © = %;, and for t > 3 
is a consequence of the following lemma. 


Lemma 3. Let c be an element of an algebra À, for 138. Any one 
of the following conditions is sufficient for c to be in F1: 


(13°) Re = Le, 
and, for every z in W, 
(14a) LR = RLo (14b) RkR = Re, (14e) ReRe = Rec. 


For the Cayley-Dickson algebras a the equivalence of (14a), (14b), 
(14c) follows from the alternative law. Also it is well-known in this case 
that either (13) or (14) suffices for c to be in F1. Assume that any one of 
the four conditions on an element of M, for t = 3 guarantees that it is in F1. 
Take c= (a,b) in Wi. == M;{y}. Then (13’) and (6) imply in particular 
that Re = La, Ing = SRo, Ly = SLy. Then we have a== «1 by the assump- 
tion of the induction. Also b= b implies b — 81, so that BJ = 88. Then 
8 = 0, c= («1,0) in F1. Next (14a) and (6) imply in particular that 
Lyk, = Reale, SInlyg = L,SR, for all xy in WM. Then a— al by the 
assumption of the induction. By (3) we have 


(15) Lilys = Ryghy for every y in W. 


Hence L, = Ry, so that b= 81. Then (15) becomes BL,s == Bk,s for every 
y in A; Since there exists y in W; such that Lys 54 Rs, we have 8B — 0, and 
c == (@1,0) in F1. Similarly (14b) or (14c) implies that c is in Fi. 

It follows from (1) that &æ°—#(x)x + n(x)1 —0 for every x in 4. 
We say that NY; has degree two. The algebras W; are power-associative, since 
it is easy to see that every non-associative algebra of degree two is power- 
associative. | 


We assume throughout the remainder of the paper that the characteristic 
of F is not two. Then W, itself is formed by the Cayley-Dickson process 
from A, == F where £—> == é is the identity transformation on Me. For 
we have XL = Wo{yi}, yı £0 in F. 
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A normalized basis for W, over F may be chosen as in the known ¢ases 
t—1,2,3 Let m= 2t. Beginning with a basis 1, f, for 2%, in which 
f? = a,l, «a, = y1 0, it follows readily by induction that there is a basis 
1, fi, fes © tfm- for À, satisfying 


(16) f? = al, | «m0 in F, i= 1, -,m— i, 
and, for 154, 
(17) -fifi = — fifi = Biter By 0 in F, 4,7 = 1,- -+,m—I, 


the elements «, and By depending on y 72," * * , yz, and fe being an element 
(s£ 1, fi, f;) of the basis uniquely determined by f; and f; If x = é01 + D &f, 
then €= 1 — > &fi, (x) == 2&, n(r) = &?— > aé?. In our notation, 
i£ A =w, B= An = Hfy}, and r= 21 == 2m, then for i= m,m + 1, 

-+,7— 1, we have fı = (0, fim) if we make the convention that fo = 1, 
and we also have 


(18) Em == Y, Oy = — Yim for i =m +- 1,- -,r— i. 


It follows from (16) and (17) that the algebras M, are Jordan-admissible, 
for the algebra Y;t in which multiplication is defined by zy == 4 (sy + ys) 
is a special central simple Jordan algebra of degree two. Thus the algebras 
N, are flexible central simple Jordan-admissible algebras of degree two.? 

The following lemmas will be used in the next section to prove Theorem 3, 
Although M; is not alternative for ¢ > 3, the alternative law is satisfied by all 
pairs of elements in the normalized basis: ff, = fi(fif;), ff? = (Ffo fi as 
may be seen from the following lemma. 


LEMMA 4. In any algebra W, with basis 1, f:, fo,’ + +5 finn satisfying 
(16) and (17), we have 


(19) fi(fix) = aye = (afi) fi for every x in W. 
It is sufficient to prove 
(20) fifi) = afi = (ffa) fi for tj. 


Now (17) implies (ffi) fa + (Fiffi = 0 and fi(fifs) + fi fifi) = 0. Sub- 
tracting, and using Theorem 1, we have fi(ff = (Fiffi We prove 


*In [2, p. 588] Albert studies flexible central simple Jordan-admissible algebras 
of degree two. We note that this class includes the non-commutative algebras M such 
that Meo N, (A)x for some extension K of F, where X, (à) is the algebra which is 
the same vector space as Y; for t= 2 and in which multiplication is defined by 
Ley = oy + (1-—~-A)yw for À x 1/2. 
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fi(fif;) == af; by induction on ¢, assuming (20) for M;. Then in Arni = Mi{y} 
there are three cases left to consider: (i) lSisSim—lmSjsr—l; 
(i) mSisr—1, 185; S&m— 1; (ii) mSisr—l1,mSjsr—t. 
In case (i), we have fi(fifj) = (0, (fpmfa) fr) = (0, afim) = uf In case 
(ii), hf) = (im) fim, 0) = af; by (18), and case (iii) holds similarly. 

Lemma 5. Let fæ = gfi for some fixed 14, 1Sitsm—1. Then 
t= ol + if. 


For z = él + > éf; implies 
j 
[fo 2] = È Elfi fy] = 2 E Effi = fl E Ef) = 0 
ii jt it 
by (17). Then ff — a1 € 0 implies À f; = 0, or s = fol + éifi 
ii 


For any algebra W, 4{(æÿ) is a nondegenerate symmetric bilinear form 
g{z,y) and we may define, for any linear transformation T on W, its 
transpose T” (relative to g) by g(aT, y) == g(a, yT) for all x, y in As. For the 
unique algebra €, = M,{—1,---,—1} in which y; == yo" =y;=—1, 
we have g(x, y) = > &m so that the matrix of T” relative to the normalized 
basis of €; is the transpose of the matrix of T. Then T is symmetric (skew- 
symmetric) if and only if its matrix is symmetric (skew-symmetric). 


Lemma 6. For any À; we have 
(21) Re == Reg, L? = Les. 
For, 
g(x, yiz) = gl, y) = H((e2)ÿ) = Ha) = gx, y?) = g(x, yRes) 
implies yÈ? = yR,g, or Rf = Rs. Similarly Lr = Les. 


Finally we remark that in M; (t = 2) an element is a sum of commu- 
tators if and only if its trace is zero, so that any element x of W, (¢ = 2) 
may be written in the form 


(22) T = ol + = [ ai, ba], T, Qi; by in Ma t z= à. 
4 


It is sufficient to show that any basal element f; is a commutator. For 1347 
we have fif;— Bifr, which implies aif; == Bijfifn == — Bufrfa by (19), since 
k41. Hence 2af; = [Bifis frl. 


2. Derivations of the algebras M2; A derivation D of a non-associative 
algebra À is a linear transformation on Y satisfying 


(23) (£y) D = (D)y + (yD) for all z, y in M. 
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Equation (23) is equivalent to either one of the following: 
(24) [Re D] = Ron [Le D] = Lep for every x in M. 


The set of all derivations of À is a Lie algebra D(2), called the derivation 
algebra of N. 


Lemma Y. Let D be a derwation of an algebra YU. Then 
(25) (xD) —0 for every s in YU, (26) SD—DS 
where S is the involution «> & of W, and 
(27) D = — D. 

Since M, is separable and commutative, it is known that in this case 
D = 0, so we may assume that t = 2. From (22), since it is known that 
1D—0, we have D = X, [a b:] D = X, (law, di] + [a,0:D]) so that 

i i 
t(xD) =0. Also 
tD + D8 = t(D) 1 = 0 = t(x) 1D = (x + &)D = tD + 28D 

for every v in M, implying (26). Finally (25) and (26) imply that 
t((wy) D) = t((eD)¥) + t(e(yDS)) = 0, or gD, y) = — g(s, yD). Then 
g(z, yD") = g (£D, y) = — g (2, yD), implying (27). 


THEOREM 2. Any derwation A of an algebra YU; can be extended to a 
derivation D of Urs. = Wi{y} by defining 


(28) ` zD = (x, y)D = (aA, yA). 
In fact, [R., D] is | | 
By Ly A 0 [Rea A] [Dp A] Roa Lya 
HE de (0 1)]- Gite, 4 ta, 41)=-(Gin Ra) 
= Rep, by (24) and (26). 
The following theorem is not true for ¿= 1, 2. 


THEOREM 3. Let F be of characteristic 42,8. Then, if t = 8, every 
derivation D of Mess = Uily} has the form (28) for a derwation A of W. 


We begin by proving the result for ©;—,{—1,: : -,—1} and 
Cı = E;{— 1}. In this case (27) implies that the matrix of D is skew- 
symmetric : 
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where A’ = — A, C’ = — C. Since [R; D] = Rap for every z = (x,y) in 
Canı we have in particular that, for every 2 and y in &, 

(29) [Rz 4] = Rea, (30) —L,B’ + BL,ys = — Ryp, 
(31) —LygB + B’L, = — Ryr’s, (82) [Res, C] = Beas. 


Equation (29) states that A is a derivation of €; Then (32) and (26) 
imply 


(33) [R., C] = Eza for every x in ©. 
Then gC — (1C) = gÅ, or 
(34) C= AÁ + Le, c = 10. 


Putting (34) in (33), we have [Re A + Le] = Rra = Rea + [Ra Lol by 
(24), or 


[Ry Lo] = 0 for every æ in ©, 
Since ¢ = 8, Lemma 3(14a) implies that c is in F1. But C’ = — C implies 
g(1, 10’) = 9(10,1) = g (c, 1) = c = — g (1, 1C) = — c, or c= 0. Hence 
(35) C= À. 

Since 1D = 0 = (14, 1B), we have 

(36) 1B — 0. 
Put y—1 in (30). Then 
(37) B’ = B + Ro c= 1B". 


Transposition in (80) yields — BLys + L,B’ = — Rygr's = Ryr by (21). 
Hence 
(38) B'S =— P. 


Putting (37) into (30) and (31), we then have | Re, Ly] + BLys = LysysB, 
or [R,, Ly] = 0 for every y in ©;. That is, Res = RR, for every x in &, 
and by Lemma 8(14c), c = 15° is in #1. Then (38) implies ë = — c, or 
c = 0, and B is symmetric by (37). Hence (30) becomes 


(39) LyB = BLys + Ryp for every y in ©. 
Let u = fif; Then (39) implies that uB — — fi (f;B) +7;(f:B) and 


(fiw) B = — fi (uB) + u(fB) 
= — fiB — fafi B) + fi) FB) =— fB 
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by (19), or 

(40) (fits) (AB) = fi (hB) j=l, --,m—1. 
Write for the (i + 1)-st row vector of B 

(41) fıB — (a, bi) for aj, bi in Era. 


Since B is symmetric, it follows from (36) that (a) —0. Let h == 211 
= m/2. Fori,j—1,:::,h—1, we have (fifi) (KB) ss ( (Fafi) a, b (fafi) ) 
and fi{fi(fiB)} = (fi(fjm), (bfi) fi). Hence (40) implies in particular that 


(42) bi (fifi) = (bfi) fi Lil, ::,h—1 


Let jh; i=1,---,h—1 in (40). Then (— bifo fii) = (— fibo Gf), 
so that 
aif, = fiti fibi = dif, t=], -,h— 1. 


By Lemma 5, q = Al + mfo bi = vil + mifi for t= 1, °,h— 1. But 
t(&) = 0 implies 
(43) Q; = ufi 1 = 1,- j - h— 1. 


For any jæi, (42) implies ff; + wafi(fifs) = vif + mi(fifs)fs or 
2 (nifi — wil) f; = 0, Hence vifi — ril == 0, vy = Pi = 0, 


(44) . bi = 0, t= 1, > +, h — 1. 
Since B is symmetric, (86) and (44) imply 
(45) a; = 0, t= h, > ,m—1. 


For 1=h,:--,m—1; 7—1,---,h—1, equations (40), (41), (45) 
imply (— bi(fi-afi), 0) = (— (fibi) fen, 0) so that 


(46) fibr = baf; j= 1,> ` -,4—I, 
and 
(47) (Fifin) bi = fen (dif), t=h-+1,---,m—1; 


jd. ,h—1. 


Formula (46) implies that xb, == baz for every x in ©, (t— 122). By 
the definition of the center of the quaternion algebra Cı = ©, if t— 1 — 2, 
and by Lemma 3(13’) if f— 1 = 3, we have 


(48) by = pnl. 
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For j==h; 1=h+1,.-:,m—1, equations (40), (41), (45) imply 
(0, — bifin) ES (0, — fi-nd:), or bitin = find: th + 1, VSS ae ae 1. Then 
it follows from Lemma 5 that b; == Ml + fin for i—A+1,--°-,m—1. 
Put this in (47): Adifin — pif; = Afiafi — mfi Taking 7 41—h, we have 

À = 0 so that | 
(49) bi = pifs_p, t= h +1, ,m—1. 


Combining (41), (43), (44), (45), (48), (49), we have 
(50) JB = pfi, t= 1,: +, m— 1, 
or B is the diagonal matrix B = diag{0, pu," © , um 1}. 


Using (50), we see that (39) implies (fifi) B = — mfifi + mfifi Or 
bx Biith = — pi Bisl x — piBifr. Hence 


(51) pi + py + pe = 0 


for any triple (i, j, k) satisfying fif; = Bijf,. We shall prove, by induction 
on t (t= 8), that the equations (51) imply m = 0 for +=1,---,m—1. 
For the Cayley algebra © = ©; there are, without duplications, exactly seven 
triples (i,j, k). These are given by the seven quaternion subalgebras of € 
with normalized bases which are contained in the basis 1, f,,---,f; of € 
[3, p. 775]. It is easily verified that the seven triples (i, j, k) are + 


(52) (12,3), (1, 4, 5), (1, 6,7), (2, 4, 6), (2, 5, 7), (3, 4, 7), (3, 5, 6). 
If F is of characteristic +4 2, 3, the seven homogeneous equations (51) for 
(7,9,%) in (52) have only the trivial solution py = po =" °° =p, = 0. 


Assume that in ©; (t > 3) the only solution of the equations (51) is the 
trivial one 


(53) pai = pe =" = pra 0. 

Since the basis 1, f1,---,fma for © includes the basis 1, f1,' * *, fn for 
Cii, we have (53) in E. Then faf nur = — EA fifn = fn (4 = dy A h — 1) 
give h equations '(51) for the triples 

(54) (8,4+1,4+ 2), (i, h, h +1), t= ],: -< -, h — 1. 


By (53) the equations (51) for the triples (54) become pas + pase = 0, 
pn F pn == 0 (i= 1,---,h—1), which clearly have only the trivial 
solution py == Phe ==" °° = pma = 0 for F of characteristic +42. Hence 


‘Our notation differs slightly from [3], but the desired triples (4,j,4) are the 
same. 
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B = 0, and by (85) any derivation D of Es, = €;{— 1} has the form (28) 
where A is a derivation of €. 

We extend this result to arbitrary W, and Anı = U:{y} as follows. For 
A in D(E;), Ae D in (28) is an isomorphism between the derivation 
algebras D(€;) and D(z). There is an extension K of F such that 
Wie = Cir, Win x = Cru x. Hence 


D (U1) = D (Mix) = D (Cir) = D(C) x = D (Cra) x = D( Wea) x. 


For A in D(A), A <> D in (28) is an isomorphism of (A) onto a sub- 
algebra D of D(M%:). But D(X:)r = D(Anı)x implies dim D = dim D(YX:) 
= dim D(%:,:), so that D == D(M,,), and every derivation D of Ma, has 
the form (28). This completes the proof of the theorem. 


THEOREM 4. Let F be of characteristic 42,3. Let © = Uof{y1, ye, ys} 
be a Cayley-Dickson algebra over F and 


Ws = {yo e +> ye} = Uolyn Yo ya’ +> ve} 


be any algebra formed from © by iteration of the Cayley-Dickson process. 
Then D(W,) = D(C), a 14-dimensional Lie algebra over F. Also © 18 
invariant under D(z), and every derivation of © can be extended in a unique 
way to a derivation of A: == C{y.,-- -,y:}. If F is of characteristic 0, then 
DA) = D(C) is a central simple Lie algebra of type G. 


It follows from Theorem 3 that D(M;{y:}) = OM) for i= 3. Then 
D(A) =D(A,) — D(C). Also it follows from Theorem 3 that A; is 
invariant under D(Uif{yii}) for +223. Hence € — M, is invariant under 
D(A). That D(C) is 14-dimensional and, in case F has characteristic 0, 
is a central simple Lie algebra of type G is established in [3]. 


THEOREM 5. Let F be of characteristic 0. Then the derwation algebras 
D(Wofyi,> + syed) and D(Moly’,> + +5 ysy) for t = 3, s = 8, are isomorphic 
if and only if the Cayley-Dickson subalgebras © = ofyn ya, ys} and 

= Woly, yo’, ys} are isomorphic. 


For D(Woty," + +, ye}) = D(C) and D(A: + sys) = D(C’) by 
Theorem 4. But D(C) = D(C’) if and only if © = €” by [3, p. 782]. 

It is well-known that in the construction of a Cayley-Dickson algebra € 
any generalized quaternion subalgebra © of © will suffice for the algebra W, 
from which © = M, is constructed by the Cayley-Dickson process. That is, 
© = O{y} for some y in F [3, p. 776]. That this property is not enjoyed 
in general by the algebras M, for t > 3 may be seen from Theorem 5 (for F 
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of characteristic 0). For, let © = Nols, Yo) ys} and © = Wof{yi, Yo ya} 
where GC” is not isomorphic to € (as would be the case if F were the field of 
all real numbers and yı = y: = ys = — 1, ys=1). Then the algebra 
Ma = Wolysye, ya, ya} —= C{y4} contains a Cayley-Dickson subalgebra €” iso- 
morphic to @. However, there is no y in F such that Y,=C”{y}. For, 
if there were, then D(C{y.}) = D(C’ {y}) would imply C=O” =’ by 
Theorem 5. Hence M, cannot be constructed by the Cayley-Dickson process 
from its subalgebra ©”. A similar argument holds for t> 4. It is likely 
that one can prove by a different method that the same situation exists for 
characteristic p > 0. 
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A KRONECKER FACTORIZATION THEOREM FOR CAYLEY 
ALGEBRAS AND THE EXCEPTIONAL SIMPLE 
JORDAN ALGEBRA.* 


By N. JAcoBson.! 


A well known theorem, due to Wedderburn, states that if 8 is an 
| arbitrary associative algebra with an identity 1 and is a finite dimensional 
central simple subalgebra containing 1, then % is the Kronecker product 
V = Y Q U where U is the subalgebra of elements which commute with every 
ae%. Recently Kaplansky indicated that the same result holds for 8 any 
alternative algebra and X an algebra of Cayley numbers? It is the purpose 
of the present note to give a new proof of this result and to show that an 
analogous result holds for B any Jordan algebra and Y an exceptional simple 
Jordan algebra of finite dimensions. 

In considering a subalgebra Y of an algebra 8 it is natural to regard B 
as a bimodule relative to W. One is therefore led to believe that the under- 
lying reason for the validity of the results of the type noted (beginning with 
Wedderburn’s) is to be found in the theory of bimodules. This is indeed the 
case in the associative and alternative cases where the key result in the proof 
of the factorization theorem is the theorem that every associative or alterna- 
tive bimodule for Y is completely reducible and % has only one irreducible 
bimodule (cf. [2], $18). We have recently proved that the analogous 
result holds also for any exceptional simple Jordan algebra of finite dimen- 
sions (cf. [2], § 18). However, ‘Bere appear to be certain technical 
difficulties which have prevented our giving a similar type of proof for the 
Jordan theorem. Instead, we shall base our proof for these algebras on the 
corresponding result for Cayley algebras and on some structure theorems for 
Jordan algebras which were used in deriving the results on bimodules for 
Jordan algebras. 


* Received November 9, 1953. 

1The results of this paper were obtained while the author held a Guggenheim 
Memorial Fellowship. | 

2 This is stated in [5]. Kaplansky observes that the proof can be obtained by using 
the arguments given by Albert in [1]. The situation for the other central simple alter- 
native algebras is mentioned in the Concluding Remarks at the end of this paper. 
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1, The alternative theorem. Throughout this paper we assume that 
the base field is of characteristic s£ 2. 


Lemma 1. Let B be an arbitrary alternative algebra and À a finite 
dimensional separable? subalgebra. Set U = {u | ue B, au = ua, a e Y}. 
Then U ts a subalgebra of B and (au)(bv) = (ab)(uv) holds for all 
a,be%, u,vel. 


Proof. It suffices to prove this result under the added assumption 
that the base field is algebraically closed. In this case the structure theory 
shows that 2 has a basis consisting of idempotent elements. Now let e 
be an idempotent element in B and consider the Peirce decomposition 


H = Bai -+ Bio —- Bor 4- Boo where Baz == {by | eb;; seas did = bie}. | 


If u == Ý uy, wie Ba; then eu—ue is equivalent to the condition that 
uU = Uy, + Goo. It is known that the subset U(e) of elements of this form 
is a subalgebra. Since U = NU(e), ee À, U is a subalgebra of B. Now let 
£ = Dry, tye By, be any element of B. If u == wy + too, then 


(seju = (Tir + 21) (his ++ uoo) = (Li + Toi) Us 
x (eu) = (£11 + Lio + Tor + Boo) Ur = (Tu + Tor ) Ua. 


Hence the associator A (z, e, u) == (xe)u —x(eu) —0 for all in 8 and 
allwell(e). Then A(z, a, u) = 0 for seH, ae X, uel. Now let a, b e A, 
u,vell. Then 


(au) (bv) == ((au)b)v = ((ua)b)v = (u(ab))v = ((ab)u)v = (ab) (uv). 
This completes the proof. | 
Lemma 2. Let X and U be alternative algebras with identities. Then 


B — NX QU is alternative if and only if either X and U are associative or 
one of these algebras ts associative and commutative. 


Proof. If a,b,ce UW and u, v, weU, then 


A(a@u,b@v,c@w) — 
== (ab)c Q (uv)w — a(bc) © u(vw) 
= (ab)c® (uv)w— (ab)c © u(vw) 
+ (ab)c 8 u(vw) —a(bc) © u(vw) 
= (ab)c@ Au, v, w) + A (a, b,c) © u(vw). 


3 À finite dimensional alternative algebra Y is called separable if Yo is semi-simple 
for Q the algebraic closure of the base field. 
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If $ is alternative, then 
0 = [ab]c 8 A (u, v, w) + A(a, b, c) @ (u(vw) — v (uw) ) 
where [ab] — ab — ba. We distinguish five cases: 


(i) There exist u, v, w such that A(u, v, w) and u(vw) -—v(uw) are 
linearly independent. Then À (a, b,c) == 0 and [ab]c = 0. This means that 
X is associative and commutative. 


(ii) There exist u, v, w such that À (u, v, w) Æ 0, u(vw) — v(uw) £0 
but these are linearly independent. Then u(vw) —v(uw) = AA (u, v, w), 
A540. Hence [ab]e = — AA (a, b,c) for all a,b,c. Setting c= 1 gives 
[ab] = 0. Since A540, A (a, b, c) — 0 and À is associative and commutative. 


(iii) There exist u, v, w such that A (u, v, w) £0 but u(vw) = v (uw). 
Then [ab]c—0 and [ab] == 0. The original relation now gives A (a, b,c) 
= 0 so that again À is associative and communicative. 


(iv) A(u,v,w)=0 but there is a u,v, w such that u(vw) v (uw). 
Then A (a, b,c) == 0 and both U and Y are associative. 


(v) A(u,v,w) =0 and u(vw) =v(uw). Here U is associative and 
commutative. 


We can now prove 


THEOREM 1. Let B be an alternative algebra with an identity 1 and 
X a subalgebra containing 1 and having the structure of a Cayley algebra. 
Then B= USU where U is the center * of B. 


Proof. We consider B as an Y-bimodule. It is known that every Y- 
bimodule in which 1 is the identity operator (left and right) is a direct sum 
of bimodules isomorphic to X. This implies that B contains a set of elements 
{us} (the images of 1 in the isomorphism with Y) such that lug = ua = wel, 
Elo = Ugh, a( bt) = (ab) ue for all a, be X and every element of B can be 
written in one and only one way in the form © dalta, age A. Let U be the 
subset of elements of 8 which commute with every ae W. By Lemma 1, U is 
a subalgebra. Evidently the uae U. On the other hand, let 2 == J, Gotta € U, 
a£ W. Then Lemma 1 shows that È (aa,)te = X (a4) ua. Hence aut = dag 
for all a. Since Y is central this means that a, == pal, pa in the base field. 





t The center of a non-associative algebra is the set of elements which commute with 
every element and associate with every pair of elements. The center is a commutative 
and associative subalgebra. 
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Hence U is the space spanned by the ta. It is now clear that B =Y SU. 
Lemma 2 then shows that U is associative and commutative. It follows 
that U is contained in the center. On the other hand, it is clear from the 
definition that 11 contains the center. 

, The assumption that the identity of M is an identity in 8 can be dropped. 
One then obtains the following extension of Theorem 1: 


THEOREM 2. Let B be an alternative algebra and X a Cayley sub- 
algebra. Then B= B, O Bo where the Bı are ideals and Bı DA and is a 
Kronecker product B, =A QU, U the center of By. 


Proof. Let 1 be the identity of Y and let B = Boo + Bor + Bro + Bir 
be the Peirce decomposition relative to 1. Thus 


Bis a {bi | 10;; ai Oijeiÿ, bijl == di0i;}. 


It is known that BANC Bo, UP C Bo. and if aa EX, ao, £ Bo, then 
(ag jbo =a (bo) (cf. [2], $ 6). Since Y is not associative, this implies 
that 8. — 0. Similarly B0 = 0. Hence GB = H, O Bo where B,= By is an 
ideal. Since 18 B,, NX CB, and BAOU, U the center of B,. 


2. The Jordan theorem. For the proof of the factorization theorem 
for Jordan algebras, the following three lemmas will be required. 


Lemma 1. Let QR be a Jordan algebra containing an identity 1 and 
elements ex, Uy = Up, 1549, 4,1 = 1,2,- - ,n such that 


(1) uen, Ciy = Ui Wi Re + Cy) Uili = tin t j, k 


and all other products are 0. Assume, moreover, that $F, eu — 1 and n = 3. 
Then À is isomorphic to the subalgebra § of hermitian matrices of a suitable 
matrix algebra Dny where D is an involutorial alternative algebra which is 
associative if n > 3 and, in any case, has the property that its self-adjoint 
elements are m the nucleus. 


We recall that the nucleus of an algebra is the subset of elements n 
such that 


A (a, b,n) = A (a, n, b) = A (n,a, b) = 0 for all a,b. 


Lemma 1 is proved in a forthcoming paper ([2], Th. 9.1) by the author. 
We remark also that in the identification of $ with § we may identify eu 
with (4,1)-matrix unit and u; with ey -+ ep, ey the (1, j)-matrix unit. We 
shall also require two other results on Jordan algebras ([2], Th. 7.1 and Th. 
7.3) as follow. 
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Lemma 2. Let X be a subalgebra of the algebra À(— Q) of the pre- 
ceding lemma containing the elements ey, uj. Then S—RNE, where € 
is a subalgebra of D invariant under the involution in D. 


Lemma 3. Let À, and &, be two algebras of the type given in Lemma 1 
with the same n for the two. Let S be a homomorphism of ®, onto Q, 
mapping ex), wi onto the corresponding ex, uy®. Then S can be 
extended to a homomorphism of Din onto Don. 


If § is an isomorphism, it follows that its extension is an isomorphism. 
In any case the extension maps the system of matrix units of Dın onto that 
of Den. It follows that if § is an isomorphism then D, and ®, are isomorphic. 
We can now prove 


THEOREM 8. Let X be an exceptional simple Jordan algebra of finite 
dimensions and let À be an arbitrary Jordan algebra containing X and having 
the same identity as À. Then À is a Kronecker product R = 3 @ € where © 
is the center of ®. 


Proof. The argument used in the proof of Theorem 1 reduces the 
consideration to the case of an algebraically closed base field. In this case 
we may assume that the exceptional simple Jordan algebra is the algebra of 
hermitian Cayley matrices. Hence % contains a set of elements Ci, wi, 
i, j = 1, 2,3 satisfying the conditions of Lemma 1. Since À D X and has 
the same identity as 3, & can be identified with the subalgebra of hermitian 
matrices in an algebra D, where D is an involutorial alternative algebra 
whose self-adjoint elements are in the nucleus. We may suppose also that 
the elements e; are the matrix units eu and wy = ey + ey, 7547. Then by 
Lemma 2, S—R NE; where € is a subalgebra of D closed under the 
involution. By Lemma 8, € is a Cayley algebra. Then, by Theorem 1, 
D= € @C where € is the center of D. Let u be a skew element of € 
(i = — u) and let c be a skew element 540 in €. (Elements c exist since 
the nucleus of € is the set of multiples of 1.) If u =£ 0, cu is a self-adjoint 
element not contained in the nucleus of D. Hence u == 0 and © contains only 
self-adjoint elements. Thus CCR. It is now immediate that € is the 
center of & and that R= 3 8 C. | 

As in the alternative case we have the following extension of Theorem 8. 


THEOREM 4. Let X be an exceptional simple Jordan algebra and let & 
be an arbitrary Jordan algebra containing X as a subalgebra. Then & is a 
direct sum of two ideals R =) @ À; where Qı D X and Ri = SOC, C the- 
center of &. | 
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Proof. Let 1 be the identity of X and let R = RO R; P Ro be the 
Peirce decomposition of relative to the idempotent element 1. Then &, 
is a subalgebra containing X and having the same identity. Hence À, = SOG, 
© the center of Q. % maps À, into itself and the correspondence 7 = $, 
where je X and S; denotes the multiplication z — x7, ce À, is a special repre- 
sentation of X ([2], §6). Since $ is simple and exceptional it follows that 
S; = 0 for all 7. For j = 1 this gives Qj —0. HenceR =, © Ky. Since 
RP == 0 and R? C À, this proves the theorem. 


Concluding remarks. We have recently proved the converse of Wedder- 
burn’s theorem: If À is an associative algebra with an identity which is a 
Kronecker factor of every containing associative algebra having the same 
identity, then Y is finite dimensional central simple.” It can be seen from 
the representation theory of [2] that no special central simple Jordan algebra 
has the property of the theorem proved here. One might therefore conjecture 
that this property characterizes the exceptional simple Jordan algebras. In 
the alternative case one can prove, using Zorn’s methods, that if $ is alterna- 
tive with an identity and M is an associative central simple subalgebra con- 
taining 1 and of more than 4 dimensions, then % is necessarily associative. 
In this case Wedderburn’s theorem applies. The example of the Cayley 
algebra shows that this is not the case if Y is a quaternion algebra. Never- 
theless, it is conceivable that the structure of alternative algebras 8 with 1 
containing a quaternion subalgebra containing 1 can be fully determined. 
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THE JACOBIAN VARIETY OF AN ALGEBRAIC CURVE.* + 


By Wgr-Lianc CHOW. 


1. Preliminary remarks. We begin with a few remarks concerning 
terminology and notations. We shall follow in general the terminology and 
notations of A. Weil, as developed in his books [8], [9], with the modification 
that we shall operate throughout with points and (complete) varieties in 
projective spaces only. The projective space of dimension m will be denoted 
by Gm. If (£) = (To, Ti,” * `, Am) is à point in ©, the x; being its homo- 
geneous coordinates, and if K is a field, we shall denote by K((a)) the field 
generated over K by the adjunction of the mutual ratios of the x,; similarly, 
if (x), (y),: - -, are points in projective spaces, we denote by K((2), (y), : - -) 
the field generated over K by the adjunction of the mutual ratios of the homo- 
geneous coordinates of every one of the points. The dimension of a point (x) 
over K is then the degree of transcendency of K((a#)) over K, and (x) is 
said to be algebraic or rational over K if K((x)) is algebraic over K or 
coincides with K respectively; we shall also say that a. homogeneous poly- 
nomial or form is rational over K, if the mutual ratios of its coefficients are 
all in K. We shall use the capital letters U, V, W, X, Y, Z (and these only) 
to denote indeterminates; for convenience, a system consisting of m -+ 1 
indeterminates (X) == (Xo, X1,- - °, Xm) will be called a system of indeter- 
minates In Gy. 

We shall assume that the reader is familiar with the theory of associated 
forms of positive cycles in a projective space, as developed in Chow-van der 
Waerden [4]. For a positive cycle 8 of dimension r and degree d in a 
projective space Sm, the associated form is a form f(V°,- - -, V=) of degree d 
in each system of indeterminates (V$) = (Vi, Fôn- - -, Vin), t= 0,1,°--,73 
this form is characterized by the following property: For any set of r hyper- 


DL 


planes in ©» given by the equations X vi,X;— 0, i=1,---,r, the form 
j=0 : 


* Received June 29, 1953. 

7 This paper was written in 1948; a brief summary of the results contained in it 
appeared under the same title in the Abstract of the addresses given at the Conference 
on Algebraic Geometry and Algebraic Number Theory, University of Chicago, 1949, pp. 
25-27. It is published here with some minor revisions, mainly in the first two sections. 
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f(V°, vt, © +,»*) does not vanish identically if and only if 8 has a finite 
number of common intersections with these r hyperplanes, and when such is 
the case, the form f(V°,v’,---,v") dissolves into a product of d linear 
forms, giving all the common intersections with the proper multiplicities. 
If we regard the set of coefficients (f) of the form f(V°,- - +, Vr), arranged 
in an arbitrary but fixed order, as a point in a projective space ©, and if 
(F) is a specialization of (f) over any field K, then it follows from the main 
theorem of associated form ([4], Satz 2) that the point (f) corresponds 
also to the associated form f (V°, - -, V") of a positive cycle 8’ of dimension 
r and degree d in ©,,; this positive cycle 8’ is said to be a specialization of 
R over K. A property or relation concerning a point (x) in ©, and a 
point (y) in ©, is said to be algebraic over a field K, if there is a set of 
forms F(X, Y) in K[X, Y], homogeneous in each of the systems of indeter- 
minates (X) = (Xo, Xi, +,Xm) and (Y) = (Yo Ya, - +, Ya), such that 
the property holds for any two points (x) and (y) in ©,, and ©, respectively 
if and only if the equations F;(x, y) — 0 hold; we then say that the property 
in question can be expressed as an algebraic condition (over K) in terms of 
the points (x) and (y). In case the set F,(4, Y) contains forms in (X) or 
(Y) alone, the point (x) or (y) can be restricted to the points of a certain 
bunch of varieties in ©, or ©, respectively; in such a case the property in 
question is often defined only for the points of certain bunches of varieties 
in 6, and ©,, so that the equations defining these bunches of varieties are 
already implicitly contained in the definition of the property. The following 
fact is important for us later: The property that a given algebraic relation 
over K holds for a point (y) in ©, and every point (x) in a positive cycle 8 
in ©,, can itself be expressed as an algebraic condition over K in terms of 
(y) and the point (f) in ©. To show this, we refer to the proof of Satz 2 
in [4] and consider the equations (2), (8), (5) listed there; in our present 
notations these can be writen as a set of equations 


G; (V5, - ei Adee: Sa | ', £4, 2) — 0, 


where (X*),- --, (X¢) are d distinct systems of indeterminates in ©, and. 
(Z) is a system of indeterminates in ©; Let R;(V?,- - -,Vr,F,Z) —0 
be the set of equations which we obtain by eliminating the, indeterminates 
(X1),- + >, (XH from the set of equations F(X", Y) = 0,:::,F;(X8 Y) =0, 
GV, + -,V",X1,---,X4Z)—0, and let A;(Y,Z) be the set of all 
coefficients of the forms R;(V1,:-:,Vr, Y,7Z\, considered as forms in 
(V+),- ++, (V") only; then it is easily seen from the cited proof in [4] 
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that the property in question holds for (y) and 8 if and only if A;(y, f) == 0. 
It is clear that this result remains true if more than one point (y) or more 
than one cycle 8 are involved, and it is also clear that it remains true even 
if the original algebraic property does not actually involve the pomt (y) at 
all, so that it is simply an algebraic property for the points of the positive 
eycle or cycles. For later reference we shall state our result as a lemma: 


Lemma 1. Let 8',: -, 85 be positive cycles in projective spaces and 
let (f+), > -, (f8) be the systems of coefficients of the associated forms of 
Bt: + +, B® respectively; let (y*),---, (y") be points in projective spaces. 
Then the property that a given algebraic relation over a field K holds for the 
system of points (y*),---, (y*) and every system of points (a*),-- -, (2°), 
where each (xt) runs through all the points in 8°, can be expressed as an 
algebraic condition over K in terms of (y*),: + -, (y") and (F), : -, (fs). 


It is easily seen from the definition of the associated form that if the posi- 
tive cycle 8 is rational over a field K, then its associated form f(V°,---, V”) 
is also rational over K, i.e. K((f)) = K. We shall now show that the converse 
of this statement is also true, provided that 8 contains no component with a 
multiplicity which is divisible by the characteristic of the universal domain ; 
more precisely, we shall now prove the following lemma: 


Lemma 2. Let 8 be a positive cycle in a projective space and let (f) 
be the set of coefficients of the associated form of 8; if R contains no com- 
ponent with a multiplicity which is divisible by the characteristic of the field, 
then 8 ts rational over the fields ko((f)), where k, is the prime field. 


Proof. Without any loss of generality we can assume that the form 
f(V°,- >+, V") is irreducible over the field Ko = ko((f)}, for otherwise we 
can apply the same argument to each irreducible factor of f(V°,- --,V*) 
over Ky; then our assumption about the multiplicities of the components in 
8 implies that the form f(V°,---,V*) has no multiple factors over Kp. 
It follows that f(V°,: +, V") is the product of a number s of absolutely 
irreducible forms, all distinct and conjugate to each other over K,, and each 
one of these forms is rational over a finite extension of degree s over Kp. 
In order to prove our assertion, it is therefore sufficient to restrict ourselves 
to the case where the form f(V°,- - -, Vr) is absolutely irreducible and the 
positive cycle 8 is a variety defined over a field K containing Ke, and to show 
in this case the variety 8 is also defined over Ky. Consider the equation 
f(V°,- ++, V") =0; since the form f(V°,- - -, V*). is absolutely irreducible, 
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this equation defines a variety © of dimension (r -+ 1)m — 1 in the (r + 1)- 
fold product space Sm X°’, X Sm, defined over the field Ky. Let (x) 
be a generic point of 8 over K, and let (v°),- > -, (vr) be r + 1 independent 


p 
generic solutions of the linear equation $, s;V; = 0 over the field K((x)); 
j=0 


if 7 (=r) is the dimension of (s) over Ko, then the point (v°,- : -, v7) 
in & has the dimension 


(r+ 1)(m—1) +7 = (r¥4+1)m—1+ (— 7) =(r+1)m—1 


over Ko from which it follows that r == 7’ and that (v°,- - -,07) is a generic 
point of © over Ky. Since the point (v°,- + - ,w") has the same dimension 
(r + 1)m — 1 over both K and Ko, the fields Ko{(v°),- - -, (v")) and K must 
be independent with respect to each other over Ko, and since K,((v°),---, (ur)) 
is a regular extension of Ko, this means that K,((v°),: --,(v")) and K are 
linearly disjoint with respect to each other over Ky. Without any loss of 
generality, we can assume that 2, >5<0 and that x, == 0 in case any one of 
the coordinates x; vanishes; then we can take all vt; (7 340) to be independent 


variables over K((x)) and we have vim 5<0 for alla=0,1,---,7. We have 
then the relations À (v*;/v+m) (24/20) == — v1o/v'm, t= 0, 1,° - +,75 the first 
3=1 


r equations show ([8], Chapter V, Theorem 1) that (x) is separably algebraic 
over K,((v°),- - -, (v™*)), and then the last equation shows that (x) is rational 
over K,((v°),: - +, (v")). Since Ky((x)) is subfield in K,((v°),- - : , (v7)), it 
is also linearly disjoint with respect to K over Ka; this shows that the 
variety 8 is also the locus of (x) over K, and hence is defined over Ko. 


2. The problem. Let © be a curve in the projective space Gm of 
dimension m, defined over a field k, and let k and g be the degree and genus 
of © respectively. A positive divisor p of degree n in © can be considered 
as a positive 0-cycle in Sm and as such it can be represented by its associated 
form p(V). Let Q)(V),:(V),: + +,Q:(V) be the set of all power products 
of degree n in (V), arranged in an order which is arbitrary but fixed 


t 
once for all; if we set p(V) = $, pjQ;(V), then the set of coefficients 
j=0 


(p) = (Po; P` ` `, pe), arranged in this fixed order, determines a point in 
the projective space ©, of dimension ż, so that every positive divisor of degree 
n in © is represented in a one-to-one manner by a point in ©; We shall 
assume that the curve © is free of singularities, so that every 0-cycle in ©, 


t 
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which is contained in © can also be considered as a divisor in ©; then the 
set of all points in ©; which represent positive divisors of degree n in © is a 
variety ©” of dimension n, defined over k. In fact, let y be the positive divisor 
of degree n consisting of n independent generic points (æ'),: >, (#") of © 
over k, and let (y) be the point in ©; representing ÿ; then, for any positive 
divisor p of degree n in ©, the point (p) is a specialization of the point (y) 
over k, and conversely, by the main theorem of associated form, every such 
specialization (p) determines a positive 0-cycle of degree n in ©» which is 
contained in © and hence is a positive divisor of degree n in ©. Since k((y)) 
is contained in the regular extension k((#*),- - -, (z")) of k, it is also a 
regular extension of k, and since k((#*),- - -, (%”)) has the degree of trans- 
cendency n over k and is an algebraic extension of k((y)), the field &((y)) 
must have also the degree of transcendency n over k. It follows that the 
point (y) has a locus over & which is a variety of dimension n and which 
evidently coincides with ©”. As we shall see later, this variety @” is also free 
of singularities, but we shall not need this fact for the present. It is clear 
that if a positive divisor p is rational over a field K, then the point (p) 
representing it is also rational over K ; the converse of this statement is also 
true, as we have shown in [3], so that for any point (p) in ©” the positive 
divisor b determined by it is rational over k((p)). 


Two divisors p, q in © are said to be linearly equivalent and we shall 
write p~ q, if p— q is the divisor of a rational function on @, or in other 
words, if p— q is a principal divisor in ©. It is well known that the set of 
all principal divisors in € forms a subgroup $:(€) in the group $ (©) of all 
divisors in ©, and that the quotient group of &(€) over 9:(€) is the group 
D of divisor classes in ©, each class consisting of all divisors which are 
linearly equivalent to each other. In this group the classes of degree zero, 
sometimes called the zero classes, again form a subgroup Do, while the classes 
of any one fixed degree n form a coset D, of D in D; if we denote by 9.(€) 
the group of all divisors of degree zero in €, then Do is the quotient group 
of &,(€) over 4:(€). If we let any one fixed divisor class © of D, 
correspond to the principal class of De, then the relation D, = O + Do 
establishes a one-to-one correspondence between the classes of ©, and those 
of So Through this correspondence the group addition of ®, will induce 
in ©, the following operation: Given any two classes P, © in Da, the class 
% + Q— O, also belonging to Da, is called the sum of P and Q. We shall 
call this operation in ©, also addition (with respect to the class D). 


A divisor class $ is said to be rational over a field K, if it contains a 
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divisor p which is rational over K. It is well known that the set of positive 
divisors in the class $ constitutes a linear system ; that is, there exists a linear 
system of hypersurfaces in ©, which cut out on ©, besides a fixed component, 
exactly the positive divisors of the class $$. If the class $ is rational over K, 
then ([8], Chapter VIII, Theorem 10) this linear system of hypersurfaces. 
has a basis consisting of hypersurfaces which are defined over K. We recall 
that according to the Theorem of Riemann-Roch, the linear system of positive 
divisors of a class of degree n > 2g — 2 has exactly the dimension n — g. 


A variety X, defined over a field K containing k, is called a Jacobian 
variety of the curve ©, if it has the following properties: (1) 3 is an Abelian 
variety defined over K; (2) there is a homomorphic mapping @ of 9,(C) 
onto X, called the canonical homomorphism, whose kernel is precisely %7(€) ; 
(3) the homomorphism & is rational and is defined over K in the following 
sense: if p, is a rational divisor over K (u), where (u) is any set of elements 
(in the universal domain), then the point ®(p,) is also rational over K (u), 
and if p, is any specialization of p, over a specialization (u) — (p) over K, 
then @(p,) is also a specialization of ®(p,) over the specialization (u) — (p) 
over K; (4) the rational homomorphism © has the “universal maping ” 
property: if ¥ is any rational homomorphism of §4(€) into any Abelian 
variety À, then Ÿ is the product of © and a rational homomorphism of & 
into À. It can be easily seen from the “universal mapping ” property (4) 
that the Jacobian variety 3, it it exists, is uniquely determined up to a 
birational isomorphism, so that we can sometimes speak of the Jacobian 
variety. However, the question whether such a Jacobian variety exists at all 
is not a simple one, and this existence problem of the Jacobian variety is one 
of principal importance not only for the theory of algebraic curves, but also 
for the theory of Abelian varieties. In this paper we shall offer a general 
solution of this problem. 


In the classical case, where the ground field is the field of complex 
numbers, a proof of the existence of the Jacobian variety can be obtained 
from the known results in the literature in the following way. (The 
terminology and notations in this one paragraph do not follow strictly the 
conventions set forth in section 1.) Let I: -,1, be a system of g inde- 
pendent Abelian differentials of the first kind on €, and let y’ - - ,y2, be 


a base of the first Betti group of © and we set pi; = f I;; let €, be the 
a Yi 


complex linear space of dimension g, considered as an analytic (== complex- 
analytic) group variety, and let [P] be the discrete subgroup generated by 


THE JACOBIAN VARIETY OF AN ALGEBRAIC CURVE. 459 


the 2g rows of the matrix P = (pi), each row being considered as a point 
in E, and let €,/[P] be the quotient group variety of €, over [P]. Let 
(to) be any fixed point in © and let $ be the analytic mapping of © into 


G,/[P] defined by the formula (x) = ( f e EREN f "Iy) (mod. [P]) 3° 


then, if p = X ni(x) is any divisor in &,(€), the correspondence p — © nid(a;) 
defines a homomorphism & of $ (©) onto €,/[P], whose kernel is, by the Abel’s 
Theorem, precisely the group $,(€). If © is any homomorphism of 9,(€) 
into an analytic commutative group variety M, then y (z) = Y((xz) — (x)) 
is a mapping of © into Y and we have ¥(p) = D na (z); we shall say that 
the homomorphism W is analytic if the mapping y is analytic, and we observe 
that, in case Y is algebraic, the homomorphism W is rational if and only if 
y is rational (over the complex ground field). It is clear that the homo- 
morphism & defined above is analytic; we shall show that if Y is analytic 
and if YW is analytically isomorphic to a complex torus, then Y is the product 
of ® and an analytic homomorphism of €,/[P] into X. We set Y= G,/[Q], 
where Q = (qi) is a (2r,17)-matrix such that the matrix (Q, Q} is non- 
singular, and let z,,---,z, be the coordinates of a variable point in €, 
so that dz,,- - -,dz, can be considered as Abelian differentials of the first 
kind on €,/[@]; it is well known that a base 8,,- - -, 82, for the first Betti 


group of €,/[Q] can be so chosen that we have qi; = J, dz; Let dy, :--, dy, 


i 
be the Abelian differentials of the first kind on © induced by da, - -, dz, 
respectively through the mapping y, and let y(y1);* © :,Y(y2,) be the image 
cycles of yi,° ` `, Yg respectively under y; then there exist a (g, 17) -matrix 
M = (my) and an integral (2g, 27r)-matrix N — (nj) such that we have the 


g 2r 
relations dibs, = > Ml h y (yi) mss > 14304, and 
g=1 crs 


g g > ‘ 2r 
PM = ¥ pumy = $ my f l= f dy; = d= Sim f dz; i 
k=l k=1 Ys vs Piy) k= Sx 


2r 
= > Mix ri == NQ. 
kz1 


This shows that the linear mapping of ©, into ©, determined by the matrix M 
induces an analytic homomorphism © of ©,/[P] into ©,/[Q], and we have 
the relation 


ple) = (fase o fan) = (flore, f'L)M (mod £01), 


f 
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or y(x) = @¢(z), from which it follows that Y == @&. Now, according to a 
result of Lefschetz ([5], p. 368), there exists an analytic isomorphism o of 
€,/|P] onto an Abelian variety 4; if we assume that there is an analytic 
isomorphism r of €,/ [Q] onto an Abelian variety M, and if we now write 
p, &, y, ¥, © in place of of, ab, ty, rẹ, tOo, respectively, then we have again 
the relations y = Op and ¥=@6. Since ¢, y, and © are now analytic 
mappings of an algebraic variety into another algebraic variety, it follows 
from a theorem of ours proved elsewhere ([2], Theorem VII) that they are 
all rational transformations, and hence the homomorphisms & and Y are also 
rational. This shows that % is the Jacobian variety of © with @ as the 
canonical homomorphism. 

In the general case of an arbitrary ground field, it is clear that the 
above highly transcendental proof cannot be carried over and that new 
methods of a purely algebraic nature have to be introduced. A. Weil, who first 
proposed and studied this problem, obtained a solution by a generalization 
of the concept of an algebraic variety ([9], § V); in fact, the attempt to 
solve this problem is one of the main reasons which led Weil to introduce 
his notation of an “ abstract” variety, an algebraic variety in abstracto in 
contrast to the usual ones which are embedded in a projective space. As 
Weil has been able to extend most of the fundamental results in algebraic 
geometry to the “abstract ” varieties, his “ abstract ” Jacobian variety proves 
to be almost just as useful as the projective Jacobian variety in the classical 
case and thus constitutes a satisfactory solution of the problem. Nevertheless, 
it remains an important and interesting question whether a Jacobian variety 
exists as a projective algebraic variety in the usual sense; furthermore, what 
is probably even more important from the algebraic viewpoint, there remains 
still unsolved the question of the field of definition for the Jacobian variety 
and the canonical homomorphism, as has been pointed out by Weil himself 
({9], p. 68). Our solution of the problem will provide satisfactory answers | 
to both these questions; we shall show that the Jacobian variety exists as a 
variety in a projective space, and that both the Jacobian variety and the 
canonical homomorphism are defined over the defining field of the curve @. 
This latter fact, which seems to be new even in the classical case, has important 
applications in the theory of Picard varieties over arbitrary ground fields, as 
will be shown in a forthcoming paper of ours. 

We shall describe briefly the main idea underlying our construction of 
the Jacobian variety. Since the positive divisors in © can be represented 
by the points of an algebraic variety, it is natural to try to represent the 
divisor classes by associating with them certain positive divisors. According. 


\ 


THE JACOBIAN VARIETY OF AN ALGEBRAIC CURVE. 461 


to the Riemann-Roch Theorem, each class of D, contains in general only one 
positive divisor; thus each point of €? will represent a class in D, and the 
representation is one-to-one except for the points of a proper subvariety in GS. 
It is therefore natural that this variety ©? has been usually taken as the 
starting point in the construction of the Jacobian variety; thus Weil’s 
“abstract” Jacobian variety is essentially a collection of birational trans- 
forms of © patched together in a suitable manner. Also van der Waerden, 
in a paper [7] which deals in reality with certain aspects of the Jacobian 
variety, has taken this variety © as the starting point and has constructed 
by means of the associated forms a variety in a projective space, the points 
of which are in one-to-one correspondence with the classes in %,; however, 
his results do not show that the so constructed variety is the Jacobian variety, 
as, for one thing, there is no proof that the variety is non-singular. We 
observe that in both cases the main difficulty lies in the existence of special 
divisor classes of degree g which are represented not by points but by sub- 
varieties in ©; one has then to cope with the fact that the divisor classes are 
represented by different types of geometrical entities. If now, instead of @9, 
we consider the variety ©” for sufficiently high n (say n > 2g — 2), then 
there will be no special divisor classes and every divisor class of degree n 
will be represented by a subvariety of dimension n— g in ©"; the method 
of associated forms then will enable us to represent the divisor classes by 
ponts of a certain variety, and from the homogeneous nature of the con- 
struction one would expect the so constructed variety to be non-singular. This 
is the underlying idea of the method by which we shall construct the Jacobian 
variety in the next section; however, the proof that the so constructed variety 
is non-singular is not so simple and will be given later in section 5 as an 
application. of a general theorem proved by us elsewhere. In the final 
section we then introduce the canonical homomorphism and complete the 
proof of the existence of the Jacobian variety. 


8. Construction of the variety 8. We start with the variety ©" of n 
dimensions, defined over the field k, for a fixed n > 2g—2. For any point 
(p) of ©", such that the corresponding positive divisor p is rational over a 
field K containing k, the Theorem of Riemann-Roch, applied to the curve € 
over the field K, shows that the complete linear system of positive divisors 
on © determined by the divisor p has the dimension n — g and is rational 
over the field K. In other words, the set of all positive divisors in the class 
P determined by p consists exactly of those divisors cut out on the cuve €, 
apart from a fixed component, by a linear system of n—g +1 hyper- 
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surfaces 5 U(X) = 0, where the y;(X) are forms of the. same degree in 
j=0 


K[X] and the (U) == (Uo,: +, Un) is a system of indeterminates; this 
implies also that no hypersurface of this system contains the curve €. 
Let (u) == (to,* * *,Un-g) be a set of independent variables over K, and 
let p, be the divisor cut out on ©, apart from the fixed component, by the 


n-ga 
generic hypersurface $ u;y;(X) == 0 of the system; then the divisor p, is 
j=0 


rational over K (u) and hence is represented by a rational point (p,) over 
K(u) in ©”. Itis well known that over any specialization (u) — (») over K, 
the divisor p, specializes into the divisor p, cut out on ©, apart from the 


n-p 
fixed component, by the hypersurface > mp; (X) = 0. It follows that over 
gud 


any specialization (u) — (4) over K, there is a uniquely determined speciali- 
zation (py) of (pu), which represents a divisor in $, and that in this way 
all positive divisors in $ can be obtained. Since K((p,)), being a subfield 
of K(u), is a regular extension of K, this shows that if we denote by Gm the 
set of all points in ©" which represent positive divisors in $, then Gm is a 
variety of dimension n — g, defined over K, and the point (p,) is a generic 
point of Gg over K. Furthermore, the correspondence u —> (p,) defines a 
birational transformation of the projective space ©,_, onto Œg, defined over 
K; in fact, the divisor p, consists of n distinct points (é'),- - -, (£*), which 
form a complete set of separable conjugates over K((p,)), and the point (u) is 


n-g 
determined rationally by the linear conditions $, ua (£1) = 0, i = 1,---,n. 
j=0 


We shall denote by Gy(W) == Gm(W°,: + -, W"-9) the associated form of the 
variety Gg, where for each 1==0,1,---,n—g, the (W+) = (Wto Wh, 
‘++, Wt.) is a system of indeterminates in G;; since the variety Gg is 
defined over K, the form Gx(W) is rational over K. 

Let (y) be a generic point of ©” over k, and let y be the corresponding 
positive divisor on ©. Since y is rational over &((y)) and consequently the 
class %9) determined by is also rational over &((y)), it follows that the 
associated form Gy(W) of the variety Gy is rational over &((y)). Let d be 
the degree of the variety Gy (as a subvariety in ©), and let A,(W), 
A,(W),:-+,A:(W) be the set of all power products of degree d in (W), 
arranged in an order which is arbitrary but fixed once for all; if we set 


4 
Gy(W) = È G;A;(W}), then the set of coefficients (Gy) = (Go, Ga, ' * -, Gi), 
j=0 


arranged in this fixed order, determines a point in the projective space ©; 
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of dimension 1, rational over K((y)}. Since the variety ©" is defined over k, 
it follows that the point (Gg) defines a variety in ©, over k, which we shall 
denote by B; and the correspondence (y) — (Gy) determines a rational 
transformation ¢ of © onto B, defined over & We maintain that the rational 
transformation has a unique value #(p) at every point (p) in ©*, and that 
the positive cycle G’» of dimension n— g and degree d in ©; determined 
by the point ¢(p) consists of exactly the one variety Gg, possibly with a 
certain multiplicity. To show this, we observe ([7]|,§14) that the property 
that any two points (p) and (q) in © represent linearly equivalent divisors 
is an algebraic condition over k; it follows then from this and Lemma 1 
(section 1) that the property that a positive cycle @ of dimension n—g 
and degree d in ©; is contained in the variety Gg can be expressed as an 
algebraic conidtion over k in terms of the point (p) in ©; and the point (G) 
in ©, representing G. In other words, there exists a set of forms A;(Y, Z) 
in k{Y,Z], where the (Y) and (Z) are systems of indeterminates in ©, 
and ©, respectively, such that the cycle © is contained in Gg if and only 
if the equations 4;(p, 4) —0 hold. It is evident that the equations 
A;(y, Gy) = A;(y, p(y)) = 90 hold; if ¢(p) is any specialization of (y) 
over the specialization (y) — (p) over k, then we have the relations 
A;(p,¢(p)) = 0. This shows that the positive cycle Wy determined by 
¢(p) can only have component varieties which are contained in Gg; and 
since every component in Gg has the same dimension #— g as that of Gg, 
it must coincide with Gg, so that the positive cycle Gg is a multiple of the 
variety Gg (we shall show in section 5 that Gg actually coincides with Gg). 
This evidently also shows that the specialization ¢(p) is uniquely determined. 

Thus we have shown that the points of the variety B represent in a 
one-to-one manner the divisor classes of ©, and that for any two divisors p 
and q in ©, we have ¢(p) = ¢(q) if and only if p~q. The next step is 
to define a composition function in B which corresponds to the group addition 
in Do, or rather the addition in D, with respect to some one fixed divisor 
class ©. For this assume the integer n so chosen that there exists a divisor 
class © in D, which is rational over k; it is easily seen that such an integer n 
exists. The corresponding point (G°) on $ is then also rational over k. 
Let (G*) and (G?) be any two points in %, and let P! and P2 be the divisor 
classes determined by (G>) and (G°) respectively; if (G?) is the point in $ 
which represents the divisor class P? — P! + 2 O, then we define (G°) 
as the sum of (G*) and (G*), and write (G*) = (G*) + (Œ). We shall 
show that if (G*) and (G°) are two independent generic points of B over k, 
then the point (G°) is rational over the field K — k((G*), (G*)). We observe 
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first that since both (G*) and (G°) are generic points of $B over k, the positive 
cycles Gt and @* determined by them are subvarieties in ©”, which by Lemma 
2 (section 1), are defined over the fields &((G*)) and k((G?)) respectively, 
so that both are defined over K. Let (p*) and (p°) be independent generic 
points of the varieties Œt and @? respectively over K ; since the divisor class 
Bt is rational over K ((p*)) and the divisor class $$? is rational over K ((p*)), 
the class P? = P + 8? OS is rational over the field K((p*), (p?)) and 
consequently we have &((G*)) C K((p"), (p?)). Now, let (q*) and (q°) 
be another pair of such independent generic points of the varieties © and G? 
respectively, both independent with respect to the field K((p*), (p°)) over K; 
then we must also have k((G*)) C K((q"), (q7)). Since both K((p*), (p?)) 
and K ( (q), (g°)) are regular extensions of K and since they are independent 
with respect to each other over K, it follows that K((p*), (p°)) N KC), (5) 
— K. Therefore we conclude that &((G?)) C K =k((G), (G’)). In 
order to prove that the addition on % is a rational function, we have only 
to show that (G*) + (G?) is the only specialization of (G*) + (G°) over any 
specialization (G*) — (G*), (G?) — (G?) over k. Here again our assertion 
will follow immediately from the fact that the relation (G°) = (G4) + (G°?) is 
an. algebraic condition over k between the three points. To show this, let +, 
Pe, Pe be the divisor classes determined by the points (G2), (@®), (G°) respec- 
tively, and let p°, p®, p° be any positive divisors in the classes Pe, 93°, Be 
respectively; let o be a rational positive divisor over # in the divisor class ©. 
We recall again ([7], § 14) that linear equivalence between positive divisors 
is an algebraic condition over k; since the positive divisor o is rational over 
k and hence is represented by a rational point over k in @*, the relation 
pe + p? ~ p° + o can be expressed as an algebraic condition over k in terms 
of the points (p*), (p°), (p°). It follows then by Lemma 1 (the case where 
the points are not involved at all) that the relation (G°) — (G*) + (G?) is 
an algebraic condition over k. 

Thus we have shown that the addition in ©, (or the addition in De) 
induces on the variety B an addition of points, which is a rational function, 
defined over the ground field k, on the product variety B X V with values 
in %. Moreover, this function is not only defined for a generic point of 
8 X V, but also has a uniquely determined value for any point on B X L. 
From this it follows that the points $ form an abelian group under this 
addition operation, with the point (G°) as the unit element. The inverse 
of any point (G) corresponding to the class $ is the point (G)-* corresponding 
to the class 20 — ‘8; and in case (G) is a generic point of V over k, the 
point (GŒ) is rational over &((G@)). From this it follows, by a similar 
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argument as before, that the inverse of a point is a rational function on &, 
defined over k. We shall write (G1) — (G*) for (Œ) + (G*)*. Finally, 
it is also easily seen that, for any fixed point (G°) on B, the mapping 
(G) — (Ge) + (G) defines a birational transformation of $ onto itself, which 
is one-to-one for every point of B. In order to prove that $ is an Abelian 
variety, it remains to shows that the function (G+) + (G°) is defined at every 
point of the product variety B X V; since a rational function is defined at 
every simple point for which it has a uniquely determined value, it is sufi- 
cient to show that the variety %8 is non-singular. This will be done in section 
5, where this result is obtained as an application of a general theorem proved 
by us elsewhere; in the final section we shall then introduce the canonical 
homomorphism and show that it has the desired properties, thus completing 
the proof that % is a Jacobian variety of the curve ©. Before we proceed 
with this, we shall insert a digression in the next section, where we shall 
show that a derived (absolutely) normal model Æ of the variety B is an 
Abelian variety and that the birational correspondence between B and BW 
is one-to-one without exception; this result, together with the results of the 
final section on the canonical homomorphism, gives us an alternate proof of 
the existence of a Jacobian variety, though not necessarily defined over the 
original ground field k, except in case k is perfect. Although this alternate 
proof is now superseded by the more complete result in section 5, it still has 
the advantage of simplicity; furthermore, the method of proof used here may 
have possible applications to other similar problems.* 


4, The derived normal model W. Consider a derived (absolutely) 
normal variety W of B, which is defined over a purely inseparable extension 
K of the field k. The birational correspondence T'(%) — V between W and 
V, also defined over K, has the property that to each point (H) of W corre- 
sponds exactly one point T(H) of V, while conversely to each point (G) of B 
correspond at most a finite number of points '*(G@) of W. Let (H*) and 
(H°) be two independent generic points on % over K, and let (G+) —=T (HA) 


* [Added in proof, March 10, 1954] T. Matsusaka, in a recent paper “On the 
algebraic construction of Picard variety (II),” Japanese Journal of Mathematics, vol. 
22, pp. 51-62, has successfully applied this method to prove the existence of the Picard 
variety over an arbitrary field; the application of this method was made possible by a 
crucial result, proved by Matsusaka in another paper, concerning the existence of a 
“regular maximal algebraic family ” of divisors; Matsusaka has also shown that it is 
sufficient to take a derived normal model with reference to k, which can then be shown 
to be also absolutely normal; this removes the restriction on the field of definition 
stated above. 
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and (G?) —T(H?) be the corresponding points on B under the correspon- 
dence T; then (G*) and (G°) are also generic and independent with respect 
to each other over K. The sum (G°) — (G!) + (G°) of the two independent 
generic points (G+) and (G?) on $, being a rational function on B X V 
defined over K, is carried by the birational coorespondence F into the rational 
function (H°) = r+ (G°) = r> (0 (H') + T(H?)) on W X W, also defined 
over K, which we shall define as the sum (H+) + (H°?) of the two independent 
generic points (H*) and (H°?) on Œ. Now, what is the behavior of this 
function (H+) + (H°) for a pair of special points (He) and (H*) on BW? 
By definition, any value of the function (H>) + (H°) is a specialization (H°) 
of the point (H*) over the specialization (H+) — (He), (H?) — (H?) over K. 
It is well known that any such specialization (H*, H?, H°) — (Ho, H», H°) 
can always be extended to a specialization of (G*, G°, G*), while on the other 
hand it is clear from the above that any such extension of specialization is 
already uniquely determined by the specialization (H*, H?) — (H°, H?) alone. 
In fact, since the transformation T(H) has always uniquely determined 
specialization at every point of W, we have (G*) = TH), (Œ) = T(AH?); 
from this it follows that since the sum (G*) + (G°) has always a uniquely 
determined specialization for every pair of points on %, we must have 
(G?) = T(He) + T(Ht). Since, in particular, the relation T'(H3) = (G3), 
which defines the correspondence T, must be preserved under the extended 
specialization, we have the relation r(H°) —T(He) +T(H*). It follows 
then that any specialization (H°) of (H°), over the specialization 
(H+, H?) — (H*, H”) over K, must be one of the finite number of points 
of ÆW which are carried over by T into the point T(He) + 1(H*) on B. 
In similar manner, we can consider a specialization (AH?) of the point 
(H>) = TA(T(H5) — T(H*)) over any given specialization (H', H*)— (H+, H°), 
where the (H') and (H°) are now a pair of independent generic points of W. 
Since the specialization can also be extended in a unique way to the specializa- 
tion (G1, G, G) —> (T (H°), 1 (4°), T(H°) —T(4*)), we conclude that the 
relation T(Æb) —7T(H°) —T(He) must hold for any such specialization, 
and hence (A?) must be one of the finite number of points of W which are 
carried over by T into the point T(H°) —T(#H*) of B. 

Thus we have shown that for any specialization (H+, H*, H*)—>(H*, H», H°} 
the relation T( 4°) —T(He) + T(H?) always holds, and that in this speciali- 
zation any two of the three points can be chosen arbitrarily on W, while the 
third one is then one of the finite number of possible points determined by 
this relation. Let now (H°) be any given point of W, and let (H) be a 
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generic point cf W over K((H*)). Since the point T(H*) + T(H) is a 
generic point of B over K((H*)), the relation T'(H’) —T(He) +T(A) 
determines uniquely a specialization (H*) — (H’) over the specialization 
(H+, H?) — (H°, H) over K, and this point (H’) is also a generic point of 
W over K((H*)). Conversely, given a generic point (H’) of 4 over 
K ((H*)), the same relation determines uniquely a specialization (H°) — (H) 
over the specialization (H+, H?) —> (Ha, H’) over K, and the point (H) is 
also generic over K((H*)). In other words, for any given point (H®) of 
%, the relation (He) + (H) = (H) determines a birational correspon- 
dence @,(H) = (H’) of the variety ® onto itself; in fact we have 
(H) => (r (H°) LT(H)) for any generic (H) over K((H*)) and 
(H) = Tr t(r(47) —T(H*)) for generic (H’) over K((H*)). This bi- 
rational correspondence ©, between the normal variety W and itself has the 
property that to each specialization of (H) correspond at most a finite 
number of specializations of (H’), and vice versa. For, any specialization 
(H, H’) — (H*, H°) of this correspondence ®, over K is contained in a 
specialization (H1, H?, H*) — (Ha, H”, H°) over K, and we have seen above 
that there is only a finite number of the-latter when two of the three points 
(H°, H®, H°) are given. This means that the birational correspondence @, 
has no fundamental points on %, neither for the direct transformation ©, 
nor for the inverse transformation ©. Since for a birational transformation, 
or more generally for a rational transformation of a normal variety, a point 
is either fundamental or regular ([10], Th. 9 and Th. 10, note the difference 
in terminology), we conclude that the birational correspondonce ©, must be 
biregular everywhere on 8. | 

From the biregularity of the correspondence ©, for every point (He) 
we can draw some important conclusions. Let (H°) be a simple point on 
% with the property that it is the only point on % which is carried by T 
into the point T(Hc) on B; we can take, for example, a generic point 
of W over K. Given any point (H*), let (H°) be any point such that 
l(H°) —T(He) + T(H?). The birational correspondence ©., determined 
by the so chosen point (H°), will then carry the point (H?) into a point 
with the image T(He) + T(H?) on $ under the correspondence T, which | 
can only be the point (H°). Since the correspondence ©, is biregular and 
the point (H°) is simple, it follows that the point (H®) is also simple. 
As (H°) is any point on %, this shows that the variety %& is free of singu- 
larities. Furthermore, let (HP) be another point such that '(H*) — T(H?), 
then the same birational correspondence @, must also carry (HA), into (H°), 
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from which it follows, on account of the biregularity of Oae, that (HS) = (HP). 
This shows that the correspondence T between % and B is one-to-one for all 
points without exception. 


Thus we have shown the existence of an Abelian variety W which is in 
one-to-one birational correspondence without exception with the variety %; 
as we have mentioned in our paper [1], this is our original proof of the 
existence of a Jacobian variety for the curve €. The underlying idea of the 
proof is the simple observation that if a variety is homogeneous in the sense 
that there is a transitive group of rational transformations which are every- 
where determined, and if the variety is normal, then it is non-singular. That 
a variety which is homogeneous in this sense, but not normal, need not be 
non-singular, is shown by the simple example of a plane cubic curve with a 
cusp, which is in one-to-one birational correspondence without exception with 
the projective line. The question naturally arises as to whether the variety B 
is itself also non-singular and is already a Jacobian variety. This question, 
besides being of some interest in itself, is significant not only on account 
of the fact that B is defined over k, but also on account of the fact, proved 
in the next section, that for any point (G) in B the corresponding variety 
© in ©” is defined over the field &((G)). 


5. Proof that the variety $ is non-singular. Consider the rational 
transformation ¢ of ©” onto B, defined over k; if (z) is a generic point of $ 
over k, then the inverse image #-1(z) is a subvariety @(z) of dimension n — g 
in @”, defined over &((z)), and for any specialization (z) — (£) over k, the 
variety @©(z), considered as a positive cycle of dimension n—g, has a 
uniquely determined specialization @(£), which is a multiple of the variety 
p (¢). In the terminology introduced in our paper [1], the rational trans- 
formation ¢ induces an involutional system of positive cycles | G(z)| on Cr, 
and the variety % is the associated variety of this involutional system; 
according to the main theorem in that paper ([1], p. 258), the variety % 
is simple at every point (£) for which the positive cycle G(£) coincides with 
the variety ¢-*(€) and contains a simple point in ©. In order to prove that 
the variety B is non-singular, it is therefore sufficient to show that (1) the 
variety ¢*(€) has the same degree (as a subvariety in ©;) for every point 
(£) in B, i.e. the degree of the variety Gg is the same for every divisor class 
P of ©, and (2) the variety @* is non-singular. 

We shall show that the degree of the variety Gg, for any divisor class 
P of degree n, is equal to k*9. By definition, the degree of Gg is the 
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number of intersections of Gy with »— g independent generic hyperplanes 
Š wY; = 0 (i =], +, ,n—g) in G over K, where K is a field over 
EER the divisor class $ is rational. Consider the n — g independent generic 
hyperplanes vx; — 0 (i= 1,: > -,n— g) in ©, over K, and for each i 


i= ],: >- n— g, let (é%1),:--,(é#%) be the & intersections of the 1-th 
hyperplane with the curve €; let ph, where À = (M4, ` - *, Mpg) runs through 
all the h”-9 possible ordered sets of n— g positive integers m, = h, be the 
positive divisor of the class P which contains the n—g points (é™‘), 
t=-1,--+,n-—~g. It is then easily seen that the "9 points (pè) in Gy 
corresponding to the 4*9 positive divisors pò constitute all the intersections 


t 
of Gg with the n — g special hyperplanes $ Q; (vt) Y; = 0 (i = 1,- +, n—g) 
j=0 


in ©, In fact, let (q) ba the point in ©* corresponding to a positive 
divisor q of degree n consisting of the n points (71),: *, (4”), then we 


| t n 
have D Q;(0t)g = IT (Ÿ vi), i—1,---,n—g. Hence, all the hs 
#=0 k=}  j=0 


points (p^) of Gg lie on the n — g special hyperplanes; and conversely, if a 
point of Gg lies on these n— g special hyperplanes, then the corresponding 
positive divisors must contain at least one point from each of the n — g sets 
(E1), (Et), t= 1,--+-,n—g, and hence must be one of the kes 
positive divisors pò Therefore, in order to prove our assertion, we need 
only show that each point (pè) is a simple intersection of @g with these 
m—g special hyperplanes. Since the point (pè) is a generic point of Gy 
over K (it has the dimension n — g over K), it is a simple point of Gg; 
hence, we need only show that the linear variety of dimension £—n + g in 
©, defined by the n— g special hyperplanes is transversal to the tangent 
linear variety of Gy at the point (p\). As we shall from now on only deat 
with the one divisor pò or point (p>), for an arbitrary but fixed A, we can 
drop the superscript À and simply write p or (p). 

Let (z"),---, (2") be the n points contained in the divisor p, where we can 
assume that the first n — g points are the points (é+), i=1,---,n—g. 
Since p is a generic positive divisor of the class $ over K, all the n points 
(z"),- - +, (#") are generic points of the curve © over K and distinct from 
each other; moreover, any n — g of these points are independent with respect 
to each other over K and determine the remaining g points uniquely. Hence, 
there is an automorphism of the field K((z*),- - -, (2*)) over the field 
K((p)) which carries any set of n—g of the n points (a'),---, (x*) into 
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any other such set. If » v;X; = 0 is a hyperplane in ©, containing one of 
j=0 4 ` 
the n points (#*),---, (x”), then the hyperplane }Q,;(v)Y;=—:0 in ©; 
j=0 


evidently contains the point (p); we shall call such a hyperplane in ©; 
a derived hyperplane of the hyperplane in ©... The n —g special hyper- 


planes À (ot) Y;==0 (i—1,:::,n—g) considered above are all derived 
ee ee since each hyperplane SX, == 0 in ©, contains the point 
(ai), 41," ,n— 9. Ho each t==1,--+,2—g, the hyper- 
plane $ vx; = 0 is a generic hyperplane over K((x!),: : +, (æ*)} of the 
Sn of all hyperplanes in ©, which contain the point (xt); and the 
n -—— g hyperplanes À v4X;— 0 (i= 1, : +, n— g), considered as generic 


hyperplanes of the n — g corresponding systems over K((x1),: - +, (x*)}, are 
independent with respect to each other over K((x*),: - +, (æ*)). 

Consider now the set of all derived hyperplanes in ©, ; it can be easily 
seen that the point (p) is the only point in ©; common to all these hyper- 
planes. For, each point in ©; corresponds to a form of degree n in (V), and 


the form À pV) = Il ( > z';V;) is obviously the only form of degree 
n in (V) which quai ae al the solutions of any one of the n linear 
equations S 20,0, t= 1," +: n. Thus there exist ¢ linearly indepen- 
dent ed hyperplanes in ©, and consequently there is a set of n— g 
hyperplanes St 0 (t=—1,---,n—g) in ©», each containing a 
point (s) of the divisor p, such that the n—- g derived hyperplanes 
So) ;= 0 (i= 1,: -+ ,n—g) define a linear variety of dimension 
je 


tn + g transversal to the tangent linear variety of Gp at (p). The 
n—g points (s), 1==-1,---,n—g, are distinct; for, otherwise there 
would be infinitely many positive divisors in the class $ which contain all 
the (less than n—g distinct) points (#4), i= 1, --,n—9g, and the 
corresponding points in Œy would then be contained in the n—g derived 


t 
hyperplanes 3}0;(v4)Y¥;—0 (i—1,: ::,n—g), and consequently these 
j=0 


derived hyperplanes could not define a linear variety transversal to the tan- 
gent linear variety of Gg at (p). Thus, for each 1—1,---,n—gQ, the set 
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(vt) is a solution of the linear equation > s; V; = 0. Let oy tem, ":, 
n — g, be respectively generic solutions of the linear equations > g; V; = 0, 
i = 1,: : :, n—g, over K((z"),- - -,(a")), independent with me to each 


Ł à 
other over Æ{(xt),- - -,(æ*)); then the n— g derived hyperplanes $10, Y; 
Gud 


= 0 (i = 1,--::,n—g) define a linear variety which is also transversal to the 
ga linear variety of Gm at (p). For, the set of n— g hyperplanes 


Zo (0) Y; = 0 (i= 1,; : -,n— g) is a specialization over K((2"),---, 
(2) of the set of n — g hyperplanes Zo); = 0 (i= `- ,n— g), 


and the former set defines a chee st transversal to the tangent 
linear variety of Gp at (p). Now, there is an automorphism of the 
field K((z'),- - +, (2”)) over K((p)), which carries the »—g points 
(z4),---, (v's) into the n— g points (x'),: --, (#9) respectively, and 
this automorphism can be extended into an isomorphism between the fields 
K( (2), ++, (2), (=)> +, (079) ) and K( @): e ea (a), a) Pea, (07)) 
by the correspondence ee <> (vi), i= 1,: : + ,n— g. In this isomorphism 


the derived hyperplanes > a) Y;==0 (i= = ],: - +, n — g) are carried over 
into the derived TE ites È Q (vt) F, = 0 (1—1,::-,n—g); since 


the former set defines a linear SEN of Gm at (p), the same must be true 
of the latter. This completes the proof of the assertion that the degree of 
Gy is hs. 

Next, we shall show that the variety ©" is non-singular. We observe 
first that in a similar manner as above, by taking (p) to be a generic point 
of ©? over k and considering n instead of n — g derived hyperplanes in ©, 
we can show that the degree of the variety ©” is equal to h”. In fact, the 
proof in this case is somewhat simpler than the above, for there it is not 
necessary to consider any automorphisms of the field #((z"),- - +, (a)). 
Now, let (q) be any point in ©? and let the corresponding positive divisor q 
be composed of the n (not necessarily distinct) points (7'),- - +, (°) in €. 


nt 
Consider the n linear equations $ „4V; =0 (i—1,::-,n); let (p?) 
j=0 


(i— 1, -:,n) be n generic solutions of these n equations, respectively, 
over k((7*"),- ::,(7")), independent with respect to each other over 


ECG), (7°) ) 5 for each ¢— 1, ++, m, let (ght) = Cy"), Ge > Ga) 
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be the h intersections of the hyperplane > p*;X; = 0 with the curve ©. Since 
j=0 


© is non-singular (and the hyperplanes have been chosen as above), the 
points (n#/) (i—1,---,n;j=—%2," > -,h) are all distinct from each other 
and different from the points (nèt) (¢=1,---,7). It follows then that all 
- the h” positive divisors qè = ((y%), «++, (y™™)), where the À == (Ma, * ` * , Mn) 
runs through all the k” possible ordered sets of n positive integers mS h 
(t==1,--+,n), are distinct from each other. It is easily seen that the h” 
corresponding distinct points (qè) are precisely the intersections of ©" with 
the linear variety of dimension t—n in ©; defined by the hyperplanes 


t 
£ (p) Y; =0 (t—1,---,2). Since the degree of ©” is h”, it follows 
j=0 


that each point (qg*) and hence in particular the point (q) is a simple 
intersection of Œ” with this linear variety. This shows that (q) is a simple 
point in ©", and as (q) is an arbitrary point in @*, this means that the 
variety ©” is non-singular. 

Finally, we observe that in exactly the same manner as above, we can 
show that there exists a linear variety of dimension { — n + g in ©; which 
intersects simply any given Gg at any given point (q); it follows then that 
the variety Œy is also non-singular for every $. 


6. The canonical homomorphism. Consider again the rational trans- 
formation ¢ of ©” onto B; we shall show that it generates in a natural way 
(by linear extension, in the terminology of Weil) a rational homomorphism 
® of &,(€) onto the Abelian variety @ with the subgroup 9,(€) as the 
kernel, and that the so defined homomorphism & is defined over k and has 
the “universal mapping ” property. We observe first that if pt,- - -, p° and 
q’,* © +, që are two sets of positive divisors of degree n in ©, then we have 


the relation $ o(p’) =x >> (qt) if and only if > pi ~$ q*; in fact, let o be 
any divisor " the class © and let p° and q® be cn anes divisors such 
that the relations z pt ~ (s — 1)o -+ p° and > qt ~ (s —1)o + q° hold 
respectively, then we jaye by definition, the ee p(p°) = > p(pi) and 
(°) =% (qt), and it is clear that (n°) = p(q°) if aa only if 


$ pi ~ 5 qê. We shall call this relation the compatibility condition for 
i=1 i=l 
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the transformation ¢. Now, let (£),:::,(£1) be n— 1 independent 
generic points over k in ©, and let (x) be a generic point of © over 
k((€),- -, (£7))3 let (y) be the point in ©” representing the divisor 
consisting of the points (+), - +, (é**) and (x), and let ¢’ be the rational 
transformation of © into B determined by the correspondence (x) > ¢$(y), 


which is defined over &((€'),- < +, (€%")). For any divisor p = S ni(2*) 
$ = 

in §,(©), we define ®(p) = Si ni’ (xt); it is clear that the so defined 
451 


mapping ® is a rational homomorphism of 9,(€) into B, defined over 
-k (E), (€")). It can be easily seen from the compatibility condition 
that the kernel of the homomorphism % is precisely the subgroup #:(€), and- 
that this definition of ® is actually independent of the choice of the points 
(E) o, (E). If (y*),- - +, (77>) are n — 1 independent generic points 
of © over k, independent with respect to the points (£),: <, (€71) over k, 
then the rational homomorphism © is also defined over &((y*),- - -, (7); 
it follows then that & must be defined over 


RCE), ++, (E=) ARG, +, Gg) =k. 


In fact, if p is any divisor in ©, rational over any extension K of k, 
then the point ®(p) is rational over both K((é),---,(é"*) and 
K((),: > +, (y™")) and hence must be rational over 


E((E) ++, (@)) A E(P) +) =E. 


Consider now a rational homomorphism % of 9,(@) into an Abelian 
variety À, defined over an extension K of k; let (z) be a generic point of $ 
over K, and let (q) be a generic point of the variety ¢“*(z) over K((z)) 
and q be the positive divisor represented by (q). Since the divisor class © 
is rational over K, it contains a divisor o which is rational over K; the 
point ¥(q— oì) is then rational over K((q), (z)). The correspondence 
(g) > Y(q—0) then determines over K((z)) a rational transformation of 
p(z) into M; since ¢*(2) is birationally equivalent to a projective space, 
it follows from a result of Weil ([9], Th. 8, Cor.) that this rational trans- 
formation must be a constant, so that the point ¥(q— o) is rational over 
K((z)). The correspondence (z) —> ¥(q— o) then determines a rational 
transformation ¥, of B into À, defined over K, which carries the unit element 
in $ into the unit element in Y; according to another result of Weil ([9], 
Th. 9), this rational transformation ¥, must be a homomorphism of % 


into W. Let p = ¥ mx) be again any divisor in 9,(€), and for each 
4=1 
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t= 1," >- n, let y* be the positive divisor of degree n consisting of the 
3 
points (é),---, (71) and (st); since $, n; == 0, we have evidently the 
8 = 
equation p = > ni(y'— 0). We have then 
4=1 


¥(p) = > ni (yt — 0) = Z mt (H (at) — y, ( > nig! (at)) = Did (p). 


Thus we have shown that & is the canonical homomorphism, and this 
completes the proof that B is the Jacobian variety of the curve €. 


Once we have obtained the canonical homomorphism &, we can derive 
the rational transformation ¢ from it by the formula ¢(¢7) = # (q — o), and 
this formula holds for every positive integer n > 2g —?, provided there exists 
a rational divisor o over k of degree n. In fact, in order that the rational 
transformation ¢ be defined over k, it is sufficient that o is contained in a class 
O such that the variety Gg is defined over k. In general, we shall say that 
a divisor class P in D, (n > 2g — 2) is rationally defined over a field K if 
the variety Gg is defined over K; and an arbitrary divisor class is said to be 
rationally defined over K if it can be expressed as the difference of two divisor 
classes which are rationally defined over K. It is clear that a rational divisor 
class over K is also rationally defined over K, but the converse of this statement 
is not generally true, as can be shown by examples. It can be easily shown 
that, for any positive integer n, if there exists a rationally defined divisor 
class © over k of degree n, then the formula ¢(q) = (q — o) determines a 
rational transformation ¢ of ©” into B, defined over k. We maintain now 
that, conversely, if there is a rational transformation of €* into B, defined 
over k, which generates by linear extension the canonical homomorphism @, 
then there exists a rationally defined divisor class over & of degree n in €. 
In fact, for every positive integer s, the rational transformation ¢ induces 
a rational transformation ¢, of ©"* into B, determined by the formula 


: 8 

hs(D) == > (pi), where (p) is any point in ©”; and (p),: >+, (p°) ares 
$=1 ; 

points in Œ” such that we have p== Ÿ pi for the corresponding positive 
451 


divisors, the particular choice of the points (p*),- - :, (p°) being immaterial 
on account of the compatibility condition. It is clear .that the rational 
transformation ¢, is defined over k, and that, again by virtue of the com- 
patibility condition, we have the equation ¢57"(¢*(p)) = Gm, where $ is 
the divisor class determined by p. It is also clear that for sufficiently large s, 
say s = g, the rational transformation ¢, is onto; if B, is the divisor class 


THE JACOBIAN VARIETY OF AN ALGEBRA1C CURVE. 475 


of degree ns such that $,7(0) = Gp, then Ps is ey dently rationally defined 
over k. The divisor class Pa — Pa for any sufi ly large s, is then a 
rationally defined divisor class over k of degree n. In case n= 1, we have 
the “canonical function” of Weil, and our result offers an answer to the 
question raised by Weil ([9], p. 68) as to when a field of definition is 
“complete” for a curve. 


Finally, we shall add a remark concerning the special case when the 
curve © contains a rational divisor over k of degree 1; such is always 
the case, for example, when the field & is finite, as has been shown by F. K. 
Schmidt ([6], p. 2%). We shall show that in this case every rationally 
defined divisor class over any field K (containing k) is also rational over K, 
so that a divisor class $ is rational over the field &((Gg)). To prove this, 
let o be a divisor of degree 1, rational over k, and let © be the class deter- 
mined by 0. Let $ be a rationally defined class of degree n over K, and let 
(p) be a generic point of Gg over K. Then the corresponding positive 
divisor p is rational over K((p)), and consequently the class $ is rational 
over K((p)). There exists an integer r, such that the class Q —%—rD 
of degree n — r has exactly the dimension 0 and hence contains exactly one 
positive divisor q. Since the class Q is rational over K((p)), the divisor q 
is rational over K((p)). Now, let (p’) be another generic point of Gy over 
K, independent with respect to (p) over K; then, by a similar argument, 
we can conclude that q is rational over K((p’)). It follows then that the 
positive divisor q is rational over K{(p)) N K((p’)) = K, and consequently | 
the class Q is rational over K. This implies that the class PB = Q + rO is 
also rational over K. 
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LOEWY-GROUPOIDS RELATED TO LINEAR GRAPHS.* 


By GERT SABIDUSSI. 


1. Introduction. It is not intended to cover much of the theory of 
L(oewy)-groupoids here. We are content with pointing out a case where 
L-groupoids appear in the theory of linear graphs. 

We begin with a definition: Let G be a finite abstract graph containing 
no 1-circuit, and let H be a subgraph of G. 


Definition. By M(G, H) is denoted the set of all univalent transforma- 
tions T of H into G which associate 1-simplexes of H with i-simplexes of G 
(1 0,1), and preserve the incidence relations of H. 


Notations. Throughout this paper any transformation T as defined above 
will be represented by a transmutation T°, of the vertices of H together with 
a transmutation F, of the edges of H. The totality of transmutations Te for 
which there is a T, such that (Te, Tı) is an element of M(G,H) will be 
denoted by M. (G, H), and the set of those transmutations Tı for which there 
exists a To with (To, T1) e M(G, H) will be denoted by M, (G, H}. 


By G(H) we denote the subgraph of GŒ consisting of those vertices and 
edges of G which are contained in at least one graph TH, Te M(G,H). In 
symbolic form: G(H) —=M(G,H)H. Evidently M(G(H),H) —M(G,H). 

By ©, © (H), §, ete., we denote the groups of automorphisms of G, G(H), 
H, etc. We agree that an automorphism of a graph G be represented by a 
permutation Po of the vertices of G together with a permutation P, of the 
edges of G. Here we define G, as the group of those permutations P, for 
which there exists a P, with (Po Pi) e ©, and ©, as the group {P,} with 
(Po Pi) € G. 

To characterize L-groupoids we shall use the postulates given by A. 
Loewy [3]:1 

Given a set Mt of elements which contains a distinguishable subset Yt 
(the nucleus), and a combination MM’ of elements M, W of M, Mt is called 
a left L-groupoid, if it satisfies the postulates: 


* Received September 28, 1953. 
1 A definition of a similar groupoid was given by R. Baer [1]. Any Baer-groupoid 
satisfies (1) (2) (3) (4), but not conversely. 
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(1) N is a group under the combination MM’. 


(2) MN exists for any NeR, Me M — N, and is a uniquely deter- 
mined element of M — R. 


(3) Let M, M’, M” be elements of Mt, then MW and (MM) M” exist, 


if WMU” and M(M’M”) exist? and conversely. M(M’M”’) = (MM’)M” 
== MM’M” holds. 


(4) There is no 3* between Mt and Jt such that the elements of Jt* 
and M—N* satisfy (1) (2) (8). 


If we replace postulates (2)(4) respectively by the postulates 


(2’) NM exists for any Ne, M eM— N, and is a uniquely deter- 
mined element of M— N; and 


(4) There is no N* between M and Yt such that the elements of Jt* 
and Mt— M* satisfy (1) (27) (3) ; 


we obtain the set of postulates which define a right L-groupoid. Since an 
L-groupoid has just one nucleus (cf. [3], p. 241, 8), N may be characterized 
as the maximal group in % such that M admits of a decomposition into 
cosets of Jt. 


2. The Structure of M, M, M,. The following theorem is fundamental: 


THeorem I. M(G, H) is a left L-groupoid, § being the nucleus of 
M(G, H). 


As a consequence we have: 


THEOREM IT. A necessary and sufficient condition that M(G,H) bea 
group is that G(H) =H. 


Proofs. Theorem I: We prove: A na.s.c. that a transformation 
TeM(G,H) satisfy M(G, H)T = M(G,M) is that T be an automorphism — 
of H. 


This implies that § is the maximal group in M(G, H) such that M (G, H) 
is decomposable into left cosets of $. Hence M(G,H) is a left L-groupoid, 
© being its nucleus. 


? MM’, (MM'}M", ete. need not be elements of 2. 
* More precisely, M (G, H) is a Baer-groupoid. 
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1. The condition is sufficient. Let Se M(G, H}, Te, then STH = SH. 
Hence ST e M(G, H), M(G H)T—M(G,H). 


2. The condition is necessary. Let T = (Tẹ Tı) be an element of 
M(G,H) which is not contained in $. Then T, cannot be a permutation. 
Hence no product ST, Se M(G, H), can exist. M(G,H)T —M(G,H) can- 
not hold. 


Theorem IT: That the condition is sufficient is evident. The condition 
is also necessary, since Theorem I implies that: M(G,H) is a group if and 
only if M(G,H)=—§. But M(G, H) —$ is equivalent to G(H) =H. 
Theorem II may be given the form: A necessary and sufficient condition that 
M(G,H) be a group is that G contain no subgraph H’ 54H which is iso- 
morphic with H. 

Theorem I implies that M, (G, H), Mı(G, H) are also L-groupoids. We 
shall now discuss the relations between the three groupoids M, My, M,. Let 
G be any graph, then, with the notations as defined in the introduction, and 
© (a direct product of symmetric groups) being the subgroup of © con- 
sisting of all elements (16, Pı) e @ (1, = identity of ©), © is a normal 
subgroup of ©, and ©, = G/W’ holds. If G contains no 2-cireuit, G reduces 
to the identity, hence © = ©. If, moreover, G contains no connected com- 
ponent isomorphic with a single edge incident with two vertices, ©) = ©, = ©. 

One might conjecture that a similar relation holds for M(G, H), M,(G, H), 
M,(G, H}, but this is not the case. 

Suppose that G(H) contains no 2-circuit, and H contains no connected 
component isomorphic with the graph H, consisting of two vertices joined by 
an edge. Then given any Te M,(G,H) there is just one Te M,(G, H) 
such that (To, Ta) is an element of M(G,H), and conversely. Thus the 
following one-one correspondences are set up: 


M.(G,H)<>M(G,H), M(GH)<—M(GH). 


With respect to these correspondences the behavior of Mo, M, is different. 
We have 


Tasorem III. If G(H) contains no 2-circuit, and H contains no 
connected component isomorphic with Hy, M,(G, H) = M(G,H) holds; 


whereas the correspondence M,<—> M is not necessarily an isomorphism. 


Proof of Theorem III. Since M, M, are in one-one correspondence, a 
n.a.s.c. that the two groupoids be isomorphic is that their left nuclei be 
isomorphic. § = $1, hence Qı must be the left nucleus of M,(G,H). But 
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this is obvious, for otherwise the nucleus of M,(G,H) must contain a true 
transmutation, and hence cannot be a group. 


To discuss A,(6, H) it is useful to introduce subgraphs PH of G(#), 

PeM,(G,H), where PH means the graph TH, Pe—>TeM(G,H) under 

the correspondence M, <—> M. We may also write G(H) = M,(G, H)H, etc. 
Let N be a subgraph of @(#) such that: 


1. N has the same vertices as H; 

2 N(H)=N; 

8. Any subgraph H’ of G which is isomorphic with H is contained in a 
subgraph N’ isomorphic with N; 

4. M(N, H} ts a group; 

5. N is maximal with respect to 1, 2, 3, 4. 


Since H itself satisfies 1,2,3,4 such an N exists. Theorem VI will 
show that it is unique. 


Let N be the group of N, then N. = MN, as N is a subgraph of G(H), 
and G(H) was assumed to contain no 2-cireuit. 


The above definition of N makes it possible to formulate the following 
theorems. 


THeorEM IV. If G(H) has the same vertices as H, My(G, H) is a right 
L-groupoid, ©o(H) being its nucleus. 


THEOREM V. If G(H) contains no 2-cwewt, M (G, H) is a left 
L-groupoid, No being its nucleus. 


THEorEM VI. WN is uniquely determined by G, H. 


THEOREM VII. If G(H) contains no ?-circuit, a necessary and sufficient 
condition that M,(G,H) = M(G,H) is that N =H. 


Proofs. Theorem IV. As G(H) and H have the same vertices, the 
elements of ©, (H) and M,(G,H) are permutations of the same vertices, 
and hence may be combined in an arbitrary manner. Obviously ©, (H) is a 
subset of M,(G, H). 


We shall prove: A n.a.s.c. that ToMo == M, hold for a permutation of 
the vertices of G(H) is that Te © (H). 

The condition is necessary: Let Se Ma(G, H), Toe @(H). Then 
there is an € M, such that S = (So, 8,) e M, similarly for Te Both SH 
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and TSH are subgraphs of G(H); 8, T preserve the incidence relations, 
hence TS e M,(G, H). 

The condition is also sufficient: Let a’ be an edge of G(H). Then, 
according to the definition of G(H), there is at least one Se M(G,H) such 
that SH contains a’: S == (So, 81) * So == Too, Ro € Mo(G, H), since Too == Mo. 
That means there is an edge a of H such that So maps the end points (P, Q) 
of a onto the end points (P’, Q’) of œ- So(P,@) = Toho (P, Q) = (P,Q), 
Ry(P, Q) = Ty3(P’, Q). RoP, RoQ are also vertices of G(H), and since 
Rye Mo(G,H), there is an R= (ko, #,) e M(G, H), in other words RP, 
RQ are joined by an edge of G(H). This means that ToP’, TQ is an 
edge of G(H), and since @ was arbitrary, Tote G@o(H). From this, as in 
the proof of Theorem I, the assertion follows. 


Remark. It can be obtained by the same reasoning that Gp is a sub- 
group of G(H) for any H which is a subgraph of G and has the same | 
vertices as G. 


Theorem V: As N has the same vertices as H, the elements of §, and 
and M o(N, H) are permutations of the same vertices, and hence can be com- 
bined in an arbitrary manner. 

We infer from Theorem IV that a n.a.s.c. for M(N, H) to be a group is 
that MON, H) = JAH). NCH) =N implies Na(H) — Yo, hence M,(N, H) 
== Jt, Condition 2 of the definition of N implies that any T e M,(G, H) 
can be written in the form T = SP where Pe M.N, H), Se M.G, N), 
hence M,(G,H) C M.(G, N)M (N, H). M(G, H) D MG, N)MN, H) is 
obvious, so that we obtain M,(G, H) = M(G, N)M (N, H). MN, H) = No 
is contained in the left nucleus of M,(G, N), hence MaG, N) = M,(G, H). 

That means 9 is contained in the left nucleus of M)(G,H). We will 
now prove, that M itself is the left nucleus of Mo (G, H). 

Denote, temporarily, by 9o” the left nucleus of M,(G,H), and suppose 
that Jt) is a proper subgroup of J*. 

We denote by V* the subgraph of G(H) which consists of all subgraphs 
P;H, No” = {P;}, in symbols V* — 9t,*H. N* has the same vertices as H, 
and it is evident that N*(H) = N*. 

My(G,H) may be decomposed into cosets of So, i.e. My(G, H) = Go 
+ P$ +: + PG. The cosets PiHo are in one-one correspondence with 
those subgraphs of G which are isomorphic with H, 

Since No” is the left nucleus of M.(G, H), we have the decomposition 
M,(G,H) = No” + Ro + + RN”, and accordingly G(H) = No*H 
+ Ao "H+: +++ RRA = NY + R-N* -+--+ RN”. This means 
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G(H) is decomposed into a set {R;N*} of r graphs isomorphic with N*, 
no two of which have a common subgraph isomorphic with H. Also condition 
2 of the definition of N is satisfied by N*. 

N” == So + SGo +: -F SG Hence N* contains the graphs H, 
S.H,---,8;H. Suppose that N* contains a graph H’ isomorphic with H, 
but different from the S;H. In M.(@, H) H’ corresponds to a coset PH, 
different from the 8:o. PS, must be contained in one of the cosets L,Jto*, 
hence the graph #;N* also contains H’. This is a contradiction, as no two 
of the graphs R;N* have a common subgraph isomorphic with H. 

Hence H, S.H,---,9;,H are the only subgraphs of V* which are iso- 
‘morphic with H. But this implies M(N*,H) —%,*. Hence M(N*,H) 
is a group, i.e. condition 4 of the definition of N is also satisfied by N*. 

No C Mo*, No = No” implies that N is a proper subgraph of N*. This 
is a contradiction, since N has been defined as a maximal graph in G(H) 


satisfying 1284 (This is condition 5). Hence Nə is the left nucleus of 
M,(G, H). 


Theorem VI: W,(G, H) contains just one left nucleus (cf. [3], p. 241, 8), 
hence No = M(N, H) is uniquely determined by A/,(G, H). Let N’ be a graph 
which has the same vertices as H, and also satisfies 2345 of the definition of 
N. Then M,(G, N°) = M,(G, H) = M,(G,N). Hence MN’, À) = MN, H), 
and NW’ = N’(H) = M(N’, H)H = M(N, H)H = N, which proves the unique- 
ness of N. | 

Theorem VII: Sufficiency is obvious. To prove necessity suppose H = N. 
Then o must be a proper subgroup of No. For So = Yo = M, (N, H) implies 
H = QH = M(N, H)H =N. Hence § = Ho No and Mo s+ M follows 
(cf. [3], p. 245, Satz 1). 


3. Conversion theorem. 


THEoREM VIII. Gwen a finite group ©, and a finite set Du,---, M, 
of finite left L-groupoids, there always exist cyclically connected graphs 
G, H.: +, Hrn and connected graphs HF, à—1,-- "7, k—1,:::,s, 
where sı is any given positive integer, such that: 

1. any H# ts a subgraph of H;i, any Hi is a subgraph of G; 

2. H; is a subgraph of HÈ if and only of 7k; 


3. any M(HF, H) = MHk, Hi) = M(B, Bi) = MH, A), 1 =k, 
iS & group. . 
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4, & is isomorphic with the group of G; 
5. M(G, HF) = M,(G, HE) = M(G, Hi) = M. (G, Hi) = Wh, 


i == ],' , -, 7, k = ],: “ * , Sj. 


Proof. According to a theorem by R. Frucht [2] one can always find a 
cyclically connected cubical graph whose group is isomorphic with a given 
finite group. Denote by §; the nucleus of M, and let H,’, @ be connected 
cubical ‘graphs whose groups are isomorphic with §,, G respectively; è= 1, 
-+ r. Let H?” be the graph which is obtained from Hy by subdividing every 
edge of Hi by + vertices. Thus neither G’ nor any H;” can contain a subgraph 
isomorphic with Hj’, i34j. Obviously H” is connected and has a group 
isomorphic with Gi. 

We construct a graph Ht by adding to H;” five vertices Q; R,°, Ré, R2, Si 
joining Q; with every vertex P; of H7’, RY with Qa, R with ES, Rè with Rë, 
and S; with Q, Re, Ri, R?. The definition of H;*, k = 2, is, by induction: 
H; is the graph obtained from H#-1 by adding a vertex R** joining it with 
Rë and Sa k—1,---,s, Evidently Hi is a subgraph of H if and only 
if 7S k. 

Now we join S; with every vertex P; of H;”, and subdivide the edge 
PS; by 7 vertices. Since if: is connected, the graph H; thus obtained is 
cyclically connected, and obviously contains all H;*, k—1,-- -, 5. 

Consider M(HE, 13), 7k. Qis the only vertex of H,*, H; which is 
joined with every vertex of H;”, H? is the only subgraph of H;*, Hi iso- 
morphic with A}; hence any transformation of M(H, H,7) must map Hi” 
onto itself, and Q; onto Q: Since S; is the only vertex of degree k + 3 of the 
complement of H;” in H;*, 8; is mapped onto itself, hence #,**+ —> Re, and 
consequently Rå — Ró, 7k. In other words M(H, Hii) = group of 
automorphisms of H’. If we repeat the above reasoning replacing Hë by 
H, we obtain M(H, H4) = group of H;’. This completes the proof of 128. 
M(HE, Hi) = M, (Ht, Hi), M(H, Hi) = Ma (Ha HA) is obvious, since the 
only subgraph of H, which has the same vertices as Hj, and contains Hÿ is 
H itself (cf. the definition of N in section 2). 

Take n; copies Hix,' + +, Hin, of Hi, where n; is the order of | %,/$,; ||, 
identify Sy with a vertex of Hi”, say Pia, j= 1, ©- ni— 1, finally 
identify Sin, with Pa. The graph H;* thus obtained is cyclically connected. 
To obtain G identify. the vertices Su and Si, i= 1,---,7r, and join Sa, S: 
with every vertex of G’. Since G’ and H;* are cyclically connected, so also 
is G. 

Since no H; is isomorphic with a subgraph of an H;, 754i, and no H; 
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admits of a “reflection” as automorphism, the group of the complement of 
G in G is the identity, if r = 2, or a cyclic group Bn, if r= 1, mapping 
consecutive subgraphs H,; onto consecutive subgraphs Hız of H,*. This makes 
it clear that for any r = 1 the vertices of the complement of G’ are fixed 
vertices of G. Hence the group of G = group of G’ = 6 by construction 
of G”. 

There remains to prove M(G, H;) = Yu. (That M(G, Hi) = M,(G, H;) 
etc., is obvious). From this M(G, H;*) = M, follows directly, since M(G, H;*) 
== M (G, Hi) M (H, HE). 

According to a theorem of Loewy (cf. [3], p. 245, Satz 1) two L-groupoids 
W, M” are isomorphic if and only if their nuclei $, §’ are isomorphic, and 
order || M/S || = order || W/S ||. By the construction of H, the nucleus 
of M(G, H;) is isomorphic with §, As already pointed out in section 2, proof 
of Theorem V, the elements of the factor-groupoid of M(G, H;) by its nucleus 
are in one-one correspondence with those subgraphs of G which are isomorphic 
with H;. Hence the order of this factor-groupoid is precisely the number of 
different graphs isomorphic with H;. H;,* contains just n; such graphs, while 
G’, H,;*, 741, contain none. Hence the order of the factor-groupoid of 
M (G, Hi) by its nucleus is 2; = order | Yt:/; |, and (CG, H;) = Mt; follows. 


4, Noteworthy special case. In view of Theorem V it would be of 
interest to have an explicit method of constructing graphs N with M(N, H) 
a group. Unfortunately no such method can be given, except for one trivial 
case: Let n be the number of vertices of H, then Mo (Cn, H) == Gp, where Cn 
is the complete graph on the vertices of H, and ©, is the symmetric group 
on # symbols. 

Clearly, for any given special case the graphs N can be computed, which 
shall be done here for H — W being a Whitney line of the given graph G. 

Let ©, be the dihedral group on n symbols, then clearly the group of 
automorphisms of an n-circuit (a Whitney line) is isomorphic with ®,, and 
will always be referred to as D, The cyclic group 8, on n symbols is a 
normal subgroup of D,, and Dn/Bn = Be. 


THEOREM IX. AZ(G, W) is either a group, or else a left L-groupoid 
with nucleus Dy. 


Let Cx, n even (if n is odd, no such graph C,’ can exist), be the maximal 
subgraph of C, which contains no k-circuit, k odd. If the labels 1,- --, 7 
are associated with the vertices of ©”, and W = (u%,:--,%) denotes any 
Whitney line of Cx’, Cx is characterized by the condition that two vertices t; tx 


LOEW Y-GROUPOIDS RELATED TO LINEAR GRAPHS. 485 


of C,’ are joined by an edge if and only if j —X is odd. The group ©, of,’ 
consists of those permutations (,*--" ) for which r; —r,= j — (mod 2). 
Cr D Gm X Gn D Un X Em D Un X Wn D Um D E, m = n/2, n = 10, is a 
composition series of @,. 


THEOREM IX’. M,(G, W) is a group in the following cases only: 
M,(G, W) = Dn f G(W) =W; 
M (G, W) = Sn if G = 0n; 
M(GW) = Cy, if n is even, and G(W) = Crx. 


Proof of Theorems IX, IX. Let the notation be so chosen that 
W= (1,--:,n). The totality of permutations P for which #,.(G PW) 
= M,(G, W) is obviously a group; we denote it by 9t)-9t C MG, W), 
D, = Ito. 


‘By À we denote the set of those numbers p for which G(W) contains an 
edge joining the vertices k, k-+p for some & Let P= Huet E Ro, 
pi = Min — Mı (mod n), 15S p < n, then pe R. Otherwise there must be 
a k such that the edge joining k, k + p; is not contained in any Whitney line 
of G, ie. Ze™ PE M)(G,W). (Z,T are the elements which generate 
D,:2%—1, T? — 1.) This is a contradiction, since Z, P are elements of Mo. 

This makes it evident that Jt, = D, and R == (1,n— 1) are equivalent 
statements. Hence we may confine our interest to the case that A contains at 
least one element p, 2S p= n—2. 

Let P= (h-" ) € Nos f On and pi, t= 1,: - :,n as defined above. 
Without loss of generality we may assume that 2 = pi S [n/2] for some i 
(otherwise take PT eM, instead of P). Consider 


On = rr eee 1, 2,° S 
Qt = (m4r +o +h, m +r +o-+r—h-+1), h—1,2,-°-, 


where p S [n/2], r=1, >, n 0Z<o<nj=o+kr=<n—1, r= p if 

=]; r= p; (mod 2), 1S 7 S k(p— 1) +1, if k = 2. The difference of 
the numbers sj, Sj into which 4,3 +1 (7 = 1,::--,n) are carried by Qr is 
congruent to 1, n— 1, or r. Hence Qı € Mo(G, W); moreover, as we shall 
see below, Qy € Mo(G, W) implies Quu € Mo(G, W). Suppose Qy e Mo(G, W). 
Q,2°P e Mo(G, W) carries over 


i> m +r, t- 1 m +r — p+ Ro + r + I, (r= 1,- .,n). 
Hence 7* = 2o — pi Hr 4H 1e R. If pÆ(n+<k—1)(k6+1)1 r* ranges 


sonne 
manne 
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over all odd or even numbers between 1 and n — 1, according as p: is odd or 
even. If p< (n+k—1)(k +1)" the maximum value attained by 7* 
under the above conditions for o,r is (k + 1) (pi — 1) + 1 which is precisely 
the upper bound for r in the conditions for Qr- Thus Qr © Mo(G, W) is 
ascertained, and the whole reasoning may be repeated with @; replaced 
by Que. | 

After a certain number of steps we obtain that any 7+ ==); (mod 2), 
27S n—2, is an element of R. If n is odd, any r s£ p; (mod 2), 
2S r S=n—2, is also contained in À, since re À implies n—-reR. This 
means R = (1,.-:,n—1), G(W) = G = Cn 

If n is even, any Pe%, must have at least one odd p, which implies 
1,3,5,° > -,n—3,n—1ek, Le. Cy is a subgraph of G(W). That means 
M,(G, W) is an L-groupoid whose nucleus is either D, or ©. Assume the 
latter, and G(W) 0.x. Then G(W) must contain a Whitney line con- 
taining two edges (r—a,r-+ a), (s—b,s-+ 6) which are not contained 
in Ox. 

Let W = (i, >>, ix) be a Whitney line of Cx, n = 4, W == (,- ++, tm) 
a Whitney line of Cm, m = n/2, then we denote by C,” the graph which is 
obtained by identifying the vertices i; and taj, j = 1, > +, m, of Cm and C,’. 
Clearly C,” is-independent of W, W’, and C,” (W) = C, holds (this can 
easily be proved by induction). C,”(W) = C, implies H(W) == C, for any 
subgraph H of C,” which contains C,’. In other words, let (r —-a,7 + a), 
(s—b,s +b) be the edges introduced above, then r+ ss4a + b (mod. 2). 
Hence G(W) contains a Whitney line in which (r—a—1,r+a), (r+a, 
r—a), (r—a,r—a-+1) are consecutive edges; i.e. there is a P e M)(G, W) 
carrying over r— a — 1 —>r—a— 1, r—a+2—-9r—at+l. 


= (r— a, r — a -+ 2) (r—a -+ 1, r—a -+ 3) e Cn 
hence PQ e M,(G,W). PQ carries over 
r—a—-lLlor—a—l, rT—a—>r—a-+l. 


Consequently the vertices r — a — 1, r — a + 1 are joined in G(W). So are 
s—b—1, s—b-+1 which follows readily by interchanging the roles of 
r,a and s, b. 

Let the vertices 7 — 1, r+ 1 and s— 1, s + 1, r— s odd, be joined in 
G(W). Then P = (r,r +1,- =, ,s—3,s—2)(s—1, s,s + 1)e MG, W). 
Q = (s,s -+ 2) (s + 1, s + 3) £ Ca, hence PQ £ M(G, W). PQ carries over: 
s— 1 — s, s—s-+2. Hence the vertices s and s + 2 are joined in G(W). 


- 
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So are 7,7 +2. The reasoning may be repeated with r— 1, r+ 1 replaced 
by 7, r + 2, ete., and we obtain 2e R. 
Since 2 e R, 


P= (k, k +1, -k4 m— 3) (k+ m— i, k+m k +m-+ i)je MG, W). 
By P the vertices of G(W) are divided into two classes 
Sy = (k, k + 1,: c b+ m— R, k+ m,k +m -+-1), 


where m = n/2, 8x — complement of Sy in (1,2,-:-,n) such that any 
vertex re 8y can be reached from any vertex se 8}, r—s even, by passing 
through an odd number of edges of PW. This means there is a suitable 
Q € ©, such that r and s are consecutive vertices of the Whitney line PQW. 
Hence r,s,r—s even, are joined in G(W). If we take &=~=1,2,---,n, 
we obtain that any even number is contained in R, which together with 
1,8, -:,n—3,n—1ekR implies G(W) = G = Cn, a contradiction, since 
G was assumed to be a proper subgraph of C,. 
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THE INSOLUBILITY OF CLASSES OF DIOPHANTINE 
EQUATIONS.* 


By N. ©. ANKENY and P. ErDôs. 


Introduction. Consider the non-trivial rational integer solutions in the 
variables %,, Xa + -, Xn of the equation 


(1) a X 1" + Go X i -}- pa -f- nAn” = 0, 
where M, @,, 4,° * *,@, are non-zero rational integers, and m > 0. By a non- 
trivial solution we mean one in which not all £; = 0, j = 1,2, an. 


Let U be a large positive real number tending to infinity, and let 
DU, a4, @,° + >, an) = D(U) be the number of m = U for which (1) has 
a non-trivial rational solution. Putting a mild but necessary restriction on 
the coefficients, something may be said about the order of magnitude of D(U). 


THEOREM J. If, for every selection of e; — 0 or + 1, (j—1,2,- - -,n) 
except (e1,° °°, en) == (0,0,° -,0), we have ae; +: - + anen 0, then 
D(U)—=o(U0) as V->+o. 


Theorem I could be interpreted as stating that equation (1) is “ almost 
always” unsolvable; or the density of m, for which (1) has a non-trivial 
solution, is zero. 

One very important case that the hypothesis of Theorem I excludes is 
when @, == 4: = ü; = 1. However, our methods still yield a result of some 
interest in this case. 


THEOREM II. The density of integers m, for which the equation 
Xi” -+ X + X” == 0 has a rational solution and for which (X,X2X3, m) 
== |, 1S zero. 


The restriction (X,X2X,,m) = 1 is sometimes referred to as the first 
case In Fermat’s equation. 

The result M(U) — o(U) can be strengthened to M(U) — O(U (log UY-°) 
for some positive constant c. The proof of this.stronger inequality requires 
a good deal more effort and willenot be presented in this paper. 

The result of Theorem I can be generalized from the rational number 
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field to any algebraic number field F. The restriction on a; which are now 
any non-zero algebraic integers contained in F, is that qe; + © - + anen «0 
where «e; == 0 or any root of unity contained in F. The proof of this generaliza- 
tion will not be given in complete detail, but will be briefly outlined at the 
end of this paper. 

In Section 1 we shall present some introductory Lemmas and in Section 2, 
the proof of Theorems I and II will be presented. 


1. Notations. U denotes a large positive variable. Cı, ©, - - denote 
absolute constants. p, q are rational primes. £, is a primitive g-th root of 


unity. 
Lemma 1. Let a:,: + +, @n satisfy (2), g > 2, and 4Tg. TE (er'en) 
is any one of the 3" — 1 n-tuples referred to in the statement of Theorem I 


` and tf hı: > >, in are any non-negative integers then 
n 
(3) > Anerley 0. 
ket 


Proof. Suppose first that g = p or 2p where p is an odd prime. Since 
£ÿ = +1, the assumption that (8) is false leads to a relation 


p-1 | 
D by = 0, where b; = > are», (j =0,:: -,p—1), 
3=6 kes; 


and 8; is a (possibly void) subset of the set of numbers {1,: +, n}. The 
sets Sy,- - +, Sp. are non-overlapping and their union is the set {1,---, a}. 
Thus, because of (2), there is an + such that b;540 and, for every + 1, 
by Æ bi On the other hand, £, is a root of either a? + ae? +---+tatl 


or gP — gP- 4+.——-- +--+ (— 1)", both of which are irreducible polynomials 
over the rational field #. It follows that b—+b =": ° = t bpa a 
contradiction. 


To complete the proof of the lemma, let g = p&p: + - pet or 
pipe: -- ps% where the p’s are distinct odd primes and the d’s are 
positive integers. Assume by induction on d, +: + : + d: that the lemma 
holds for g’ = g/p; (> 2). Since €,% == €, the assumption that (3) is false 
leads to a relation 


m-i : | 
2 Biko? ce 0, where B; = > Axel’, (3 Ha 0, D > Pi — 1), 
j-9 kes; 

the fs being non-negative integers and the sets 86,:::,8,: having a 


meaning similar to that in the first part of the proof. 
By the inductive hypothesis there is an + such that 8; 54 0 and, for every 
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Vv Æt By AB On the other hand, the irreducible equation satisfied by & 
in the field R(Z,-) is either art + - -- + æ + 1 = 0, (di = 1), or sa — éy = 0, 
(dı > 1). Thus Bp). = Bi =: *  — Bp a contradiction. 


LEMMA 2. If 39 then, for any non-negative integers hi, ho, hs, 
(4) Gol + Sole + Salt 2 0. 


Proof. Assume there exist hı, he, hs such that €,% + ége + ége = 0. 
Divide through by &,"s, yielding 


(5) | cr her i= 9, 


for 2 integers kı, kə Taking the imaginary parts of both sides of (5) yield 
that sin (27k,/g) + sin(27ke/g) =0. This implies kı = — k, or kı + 9/2 
(mod g) where only the former is possible if 2 f g. 


Now taking the real part of (5) yields cos (2rk:1/g) + cos (2ak./g) — — 1 
or, on substituting k= — k, or kı + 9/2 (mod g), yields that ` 
2 cos (27k, /g) —=—1, or cos(2xk,/g) + cos(2r (kı + 29/g)) =— 1. 


This last equation is clearly impossible. The former equation implies that 
8 | g, which is contrary to our hypothesis. 3 


THEOREM IIT. If di, a, ` -, a, satisfy condition (2), then for a given 
m there exists no non-trivial rational solutions of (1) provided we can find 
a rational prime p such that 


(6) m divides p — 1, mr = p — 1, 
(7) afr 
(8) p(r) <a” log p, 


where a = log (| & | + | a2 | +: -+ |an |), and (r) is a Euler p function. 


Proof. (cf. [4], H. S. Vandiver). Assume there exists a p which 
satisfies (3), (4) and (5), and that (1) has a rational solution such that 
X,X,: + -X,540 (mod p). Without loss of generality, assume (X1, Xo,°--, 
X,) = 1. Then consider (1) in the field A(Z,). 

As p= 1 (mod r), the ideal factorization of p is (p) —P,P,: + : Pa in 
R(t), where s = ¢(r), and Nr¢,),rx(Pi) =p. Hence, the group of m-th 
power residues of the multiplicative cyclic group of residues (mod P,) has 
(p — 1)/m = r elements. One sees that the elements é,/, 7 =0,1,---,r—1 
are incongruent (mod P1). So %/ form a subgroup of r elements in a multi- 
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plicative subgroup of residues (mod Pı). Hence, these two subgroups must 
coincide. 

As Xa” +: La, 4," —0, à fortiori, aX” +: - -+ ann” =0 
{mod P,) or, by the coinciding of the two subgroups, aér"! +--+ + + anér"" = 
{mod P,) for some n-tuple of integers (t:,:--,t,). Hence, p = Nree,),r (Pi) 
divides Nre), 2 (abr -+ ES -|- an€,*) R But, 


| Negor (abel + +t anb) S (a | H H | an |). 


Thus p S (|a |+: -+ |an |)Ż0, which is a contradiction to our hypo- 
thesis unless a,f,4-+---+-+ dnt» — 0. This case, however, is impossible by 
Lemma 1. ; 

Hence, we have shown that X,X.: - -X,==0 (mod p). Hence, p divides 
one of the variables, say X,. However, proceeding in the same way with the 
truncated equation aX,” + a XML... Lai we will see that p will 
divide each X;,i1—=1,2,---,n. This is a contradiction to (X1, X2,- ++, Xn) 
= 1. This proves Theorem 1. 


COROLLARY. If n= 8, a, = Q = Q; = 1, m square free, and a prime p 
exists that satisjies (6), (7), (8) in Theorem III, 3 r, then (1) has no non- 
trivial solution relatively prime to m. 


Proof. Using the proof of Theorem III and Lemma 2, we immediately 
infer that there exists no solution of X” + X” + X,"=0 (mod p) and 
X,X.X35£0 (mod p). Hence, if there exists a rational solution Y,” + X” 
+ X” = 0, then p | X,X.Xs. 


If q denotes any prime factor of m, and (X,X2X3,m) = 1 we have, by 
using Furtwangler’s criterion on Fermat’s Equation (cf. Landau [2]), that 
for any p | X,X.X3, pt+==1 (mod q?). As p=1 (mod m), p= 1 (mod q). 
Therefore, p==1 (mod q’). As m is square free, p = 1 (mod m?) ; therefore 
p—1lZm’, 

By hypothesis, (r) < log p/log3. Thus r< (log p/log3)*. Now 
m? S p— 1 = mr < (log p/log 3)?m. Hence, m < (log p/log 3)? or p—1 
< (log p/log 3)*. 

This last inequality is clearly contradictory and this completes the proof 
of the corollary. 


2. To prove Theorems I and II, we shall derive a set of integers m 
which satisfy Theorem III and such that almost all integers are divisible by 
at least one element of our set. 

Denote by A(n) the least prime diivsor of n. 
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LEMMA. 3. If y denotes Eulers constant, 


> 1 = e VU (log log log U)-* + O(log U), 


where J,(U) denotes the rational integers lying between U and 2U which 
have all their prime factors > log log U. 
Lemma 4. If d< U%, then 


2, 1 = 6h (d, log log U) U (log log log U)-* + O(log U) 
neJo(U) 


where b(d, V) = d J] (1—1/p), and J.(U) ws the set of integers n between 
sis 
U and RU, and n=1 (mod d). 


Lemma 5. For any constant cı, and U sufficiently large, 


1 > cU (log log log U)“, 
log U<r<2logU Ja(U;r) 
where J,(U,1) denotes the set of primes p < cU log U, p=1 (mod 1t), and 
A((p—1)/r) > loglog U. The constant cz depends only upon the choice 


of Cy. 


Lemmas 3, 4, and 5 are quite elementary in nature. The proofs of them 
are very similar. We shall give here only a proof of Lemma 3. 


Proof of Lemma 3. Let d be any square free number < log log U, and 
let f(d, U) denote the number of integers which lie between U and 2U and 
which are divisible by d. Then f(d, U) —=U/d+ O(1). If a(d) denotes 
the Moebius function 


=> i= + De 
ned (U) U<nL2U d| (nh) 
where h = II p, as this last inner sum is 1 if n has no prime factors 
p=loglog U 
= log log U, and zero otherwise. Hence, 
1—Su(d) S 1—Su(d)f(d, U) 
n eJa(U) alk he GAR 


=X (u(4)U/d + 0(1)) = TM a(a)/d + 0( 31) 


=y IT (1—1/p) + O(h) = eU (log log log VU) + O(log U) 
p\h 


DIOPHANTINE EQUATIONS. 493 


by using Merton’s Theorem on prime numbers. This proves Lemma 3. The 
proof of Lemma 4 is almost identical to the above. Lemma 5 is again the 
same as above using the Siegel-Walficz theorem on primes in arithmetic 
progressions. 


Lemma 4 implies that to the primes < cU log U there corresponds at 
least cU (log log log UJ” numbers m < U, m = (p —1)/r, Am) > log log U. 
However, this correspondence is not necessarily unique, and possibly many 
primes could correspond to the same m. With this in mind we prove 


Lemma 6. Let H(U, g) denote the number of integers m, U < m < RU, 
Am) > log log U, and such that there are exactly g distinct primes pi, po,’ + * > Pg 
where p;==1 (modm), and p; < QU logU for 7=1,2,:--+,g. Then 
H(U, g) = O(g°U log log log U). 


Proof. The function g? in the above Lemma could easily be replaced by 
a function of g which tends to zero far more rapidly as g increases, but this 
improvement is not needed for this present paper. 

To prove Lemma 6 we shall derive an upper bound on the number of 
times that (rım + 1), (mrs + 1), (mr, + 1) can simultaneously be primes 
where A(m) > log log U, U S mS 2U, 1< 7,72, 73 S log U. 

Now for the moment regard 1,,7,7, as fixed and m varying as we 
described. Then the problem is to derive an upper bound on the number of 
elements 


(9) (mr, + 1) (mr. + 1) (mr; + 1) 


which have no prime factors = U%. This corresponds to the slight generaliza- 
tion to the twin prime problem where there the number we sieve is (m)(m + 2). 
In our problem we have a polynomial in m composed of 3 linear factors. 
Utilizing the general method developed by Selberg (cf. [8], especially pp. 
291-292), we can easily prove that there are less than 


o4U (log log log V)~ (log U)-*y (r1)y (72) W(t) 


element of (9) with 71, 72,73 fixed which have no prime factors < U4, where 
Ws (1) = IG —1/p). 
Hence, summing over 1, Ta, Ta, we have that the number of elements of 


log U 
(9) is less than ¢,U (log log log U)-* (log U}-5( S w(r))*. Now 
i r=i 


2 
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v(r) =IL QG —1/p)> | 
s ER os Tce 0 à 


S 1/6 I (1 +1/p) — 0 X 1/4. 
pir r 


Hence 


iog U log U log U log U 
Dyr) <h Sifd—=edilfd X 1<0c > log U/d < c log U. 
r=1 raid |r d=1 i a . d=1 
Hence, the number of elements of (9) which have all their prime factors 
< U4 is < ¢,U (log log log U). However, if Cm” is the binomial coefficient, 


this number is equal to 5 Css H (U, g) where g > 2. Therefore 
g=3 


(10) S cH (U, 9) < ceU (log log U). 
g=3 


Lemma 6 follows immediately from (10). 

Lemmas (4) and (5) showed that to the primes corresponded. various 
numbers m. Lemma 6 shows conversely that to each m there cannot corre- 
spond too many primes. 

Therefore, if we define the set M(U) to be all integers m < U, 
A(m) > log log U, and m satisfies the conditions of Theorem III, then 


(11) >, 1> &U (log log log U). 
me MU) 


3. In this section we shall establish that almost all rational integers 


are divisible by an integer of the set M where M = (J M(U). 
esL U <La 
Let D(M(U)) — D(U) denote the density of integers not divisible by 


any integer of our set M(U). Let U, be some large real number. 
Lemma 7. There exists a constant 0 < cs < 1 such that D(U1) < Ce: 


Proof. As D(U,) denotes the density of integers not divisible by any 
me M(U,), 1— D(U;) denotes the density of integers which are divisible 
by some me M(U,). Hence 
(12) 1—D(U:)2 ZX 8(m), 

m e M(U:) 
where 5(m) denotes the density of integers divisible by m but by no other 
integer of our set M(U;}) except a divisor of m which might be contained in 
M(U,). Now, the density of integers t which have no prime factors between 
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log log U, and U,, is well known to be > $(log log log U,) (log U,)-2. Now 
the set mt is divisible by m and no other element of our set M(U,) except 
possibly a divisor of m, as all numbers of M(U,) have all of their prime 
divisors lying between log log U, and U., and hence to divide mt implies, 
by our definition of the integers 7, that it would divide m. Therefore, 
(13) d(m) = 4(log log log U,) (log U) m=. 

By (12), (13) and (11), 

1— D(U,) = 4 (log log log U) log U) > 5 yore > Cy > 0. 
meM(Uy, 

Letting cs == 1 — Cə, we have proved Lemma 7. 

If U, is another large constant, then by Lemma 7, D(U:) < cg also. 
If U, > exp{exp{2U,}}, then the elements of M(U,) are relatively prime to 
the elements of M@(U.). As all prime factors of Af(U.) are greater than 
log log U- > 2U., and all prime factors of the elements of M(U,) are less 
than U. 


As D(M(U)) denotes the density of integers not divisible by any element - 
in M(U), | 


D(M(U,) U D(M(U2))) = D(M(U:)) : D(M(D2)) < cs. 


Similarly, defining U; = exp{exp{2U.}}, U;=—exp{exp{èU3}},: t; 
gives that 


D( U M(U;)) =I D(M(U;)) < cs" 0 


as n —>œ. Hence, 
(14) D(M) Slim D( Ü M(U;)) =0, 
n> @ j=l 


where D(M) denotes the density of integers not divisible by any element 
of M. 

Conversely (14) may be interpreted as saying that almost all integers 
are divisible by some element of our set M. If an integer n is divisible by 
an m, me M, we see that the equation (1) has no non-trivial solution for m, 
and hence, no non-trivial solution for n. This completes the proof of 
Theorem I. 

To prove Theorem II we would need to add to our conditions on M 
that the (p—1)/m be relatively prime to 3, and that m be square free. 
These additional assumptions could easily be incorporated in Section II, and 

' present no real difficulties. 
To establish the generalization of Theorem I to an algebraic number 
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field F we merely sum in Lemma 5 over the rational primes which are norms 
of prime ideals in F. Theorem JII can be bodily carried over by changing 
the definition of æ to (Ff: R) log(| a| +--+] an|) where (F:R) denotes 
the degree of F over the rational number. The remainder of the proof is 
almost identical. 
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ON CURVES DEFINED BY BINARY NON-CONSERVATIVE 
DIFFERENTIAL SYSTEMS.* 


By Parrip HARTMAN and AUREL WINTNER. 


If a prime denotes d/dt and 


(1) oe 


is a constant matrix, then the determination of the solution paths (s(t), y (t)) 
of 
(2) l a’ = ax + by, y = ca + dy 


in the real (x, y)-plane, hence the description of their asymptotic behavior as 
t—>c, is elementary. From the second of these points of view, the so-called 
geometrical theory of real, binary differential systems, as initiated (in the 
case of power series f, g) by Poincaré and extended (to non-analytic cases) 
by Bendixson and Perron, deals with conservative but non-linear “small 
perturbations ” of (2), namely, with a system of the form 


4 


(3) v = as + by + f(t,y), yo = cs + dy + g(x, y) 
where both functions f, g are real-valued and continuous for small 
(4) r= (2 +y) 0 

and satisfy 

(5) f(z, y)/r— 0, g(x, y)/r—>0 as r— 0, 

while 

(6) ad — bc 0. 


But there is another standard “small perturbation” of (2), one which is 
non-conservative but linear and homogeneous, that is, of the form 


(7) a =-a({t)e-+B(t)y, yo =y(t)r +8()y, 
where a, B, y, à are real, continuous functions of ¢ satisfying 
(8) | a(t)—a] +] e)—bi +ly)—cl +] 8) —d| 0 as tom. 


* Received November 16, 1953. 
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In [2], known results on the asymptotic behavior of the solution paths 
(z(t), y(¢)) reaching to the origin, that is, satisfying 


(9) r(t) -0 as fo, 


were collected and refined for the problem (3)-(5). The present paper will 
transfer those considerations from (3)-(5) to (7)-(8) and to certain generali- 
zations of both (7)-(8) and (3)-(5) ; cf. Theorems (*) and (f) below. 

A question considered in [2] for (3)-(5) is whether or not a solution 
path (x(t), y(¢)) reaching to the origin (as £ —c) has a tangent there, that 
is, whether or not a continuous determination of 6(¢), where 


(10) 6 == arctan 4/2, 

is such that 

(11) lim 6(¢4) = 4, exists 
i> © 


(as a finite limit). For the case in which such a tangent exists, there was 
considered in [2] the question whether or not the half-line 8 = @, is the limit 
of tangents, that is, whether or not +? + y? 540 holds for large ¢ and a 
continuous determination of y(t), where 


(12) y(t) = arctan y//2”, 

is such that 

(13) lim ġ(t) exists and is #(mod r). 
t co 


In the case of the linear system (7)-(8), these questions concerning 
(10), (11) and (12), (18) can be raised for all solution paths (and not only 
for those reaching to the origin). In view of (4), the differential equation 
satisfied by (10) is 


(14) 8 == y(t) cos? 0 + (8(¢) — a(t) )cos 8 sin 6 — B(t)sin® 8. 


Thus it cannot depend on (9) whether (11) does or does not hold; in fact, 
if a sufficiently large constant is subtracted from both a and 8, then (9) 
holds for all solutions and (14) remains unchanged. 

The answer to the question concerning (12), (13) for the linear system 
(7)-(8) is trivially in the affirmative when (6) holds. 

Consider the following classification of the possible matrices (1): The 
matrix (1) has 

(i) real, distinct characteristic numbers; 
(ii) non-real characteristic numbers ; 
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(iii) equal characteristic numbers, multiple elementary divisors; 
(iv) equal characteristic numbers, simple elementary divisors. 


There will be no statements concerning the case (iv). 


(*) Let a(t), B(t), y(t), 8(4) be continuous functions on 0 = t <œ 
satisfying (8). In case (i), every solution 0 — 0 (t) of (14) satisfies (11) ; 
in case (ii), every solution 0 ==6(t) satisfies 


(15) |0(t)| 0 as tow; 
in case (ili), etther all solutions satisfy (11) or all satisfy (15). 


Furthermore, in the cases (i) and (iil), the only possible limits (11) 
are the zeros of 


(16) c cos? 0 + $(d — a)sin? 6 — b sin? 6 = 0. 


In case (i), each of the two distinct zeros (mod +) is the limit (11) for some 
solution ; in case (iii), (16) has only one zero (mod r). 

The assertion of (*) concerning (i1) is trivial. That concerning (1) is 
contained in sharper results of Perron [3], pp. 148-160. It will be clear 
from the proof of (*) that both alternatives can be realized in the case (in). 


Proof of (*). Although the assertions of (*) concern merely the solu- 
tions 6(t) of the differential equation (14), it will be convenient to involve 
in the proof the trivial differential equation 


(17) T/r = a(t)cos? 6+ (B(t) + y(t) )cos 8 sin 6 + 8(t)sin? 6 


for r==7(¢). The arrangement of thé proof will make it possible to imme- 
diately extend the results concerning (3) and/or (7) to corresponding state- 
ments concerning certain non-linear, non-conservative binary systems. 


In view of the remarks following (14), it can be supposed that the real 
parts of the characteristic numbers of (1) are negative. It is also clear that 
an affine transformation of the (x, y)-plane leaves the assumptions and asser- 
tions of (*) unchanged. Hence it can be supposed that (1) is in a normal 
form satisfying 


(18) acos? 4(b + c)sin? @ + d sin? 6 << — const. < 0 for allg. 


Accordingly, if = q(t), y = y(t) is a non-trivial solution of (7), then 
dr/dt < 0, by (17), and (9) holds. Thus r= r(t) has an inverse t = ¢(r), 
and (r) —oo,asr—0. Put 


f(x, y) = (a(t) —a)a + (BCE) —b)y, gle, y) = (y(t) — e)a + E) — d)y, 
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where &==#(r) = t( (x? + y”)4). Then (5) holds by virtue of (8), since 
t(r) —o as r—0. Clearly, x = a(t), y= y(t) is a solution of (3). It 
follows from the results in [2], pp. 123-125, on the system (3)-(5) that @(¢) 
satisfies (11) in case (i), and (15) in case (ii), finally either (11) or (15) 
in case (iii). 

It remains to be shown that the decision in the alternative of the case 
(iii) is independent of the choice of the solution. To this end, it can be 
supposed that (1) has the normal form in which 


(19) a= — 1, b=0, c=1, d——1; 


in particular, y(¢) 0 for large t. Consider for large ¢ the linear, second 
order differential equation 


(20) (pe) + h(t)’ + glt) =, 


where 
(21) p(t) = y7 (t), A(t) —8() —a(t), g(t) =— L(t). 
If z= z(t) is a non-trivial solution of (20), then a continuous determina- 


tion of 
(22) 6 = arctan {z/(pz’)} 


satisfies (14). Conversely, if 0 — 0(t) is a solution of (14), then a quadra- 
ture of (22) leads to a solution z —z(t) of (20). (Actually, the quadrature 
in question is first just formal, because of the infinities of cot 6(¢), corre- 
sponding to the infinities of log | z(t) |; so that the integration constants must 
be chosen on successive f-intervals, bounded by the points ¢ of infinity of 
cot (t), so as to insure that z(t) has a continuous derivative.) 

At a given f-value, 6(¢) becomes 0 (mod) if and only if z(t) == 0, 
and, at such a value of f, 6’(¢) >0. Hence it is clear that (15) holds if 
and only if one and/or every non-trivial solution z==2(t) of (20) has 
infinitely many zeros (as éco). 

Consequently, in the normalized case (19) of (iii), the first or the second 
alternative of the cases (15) of (11), where 8, = O (mod x), holds for every 
solution according as (20) is or is not oscillatory. This proves (*). | 


Remark. The argument just completed contains a proof of the following 
theorem (cf. [1], pp. 391-392): If (20) is non-oscillatory for large t and 


p(t) > 1, h(t) — 0, g(t) —0 as tom, 
then, for every non-trivial solution z = z(t) of (20), 


(23) z’ (t)/z(t) — 0 as € — 00. 


— 
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À careful perttal of the proof of (*) shows that (*) can be extended as 
follows: 3 


(t) Let fia, y, t), g(a, y, t) be continuous functions for æ? + Y° = const., 
0=t<o satisfying 


(bis)  f/(a? + y) 0, g/(e? + yi 0 as (z, y, t) —> (0, 0, œ). 


Let the real parts of the characteristic numbers of the matrix (1) be negative. 
Let (Xo, Yo) be sufficiently near, but not equal to, (0,0) and let v= x(t), 
y = y(t) be a solution (for small non-negative t) of the initial value problem 


(3bis) we =ar + by + f(r yt) y = ce + dy + g(xy,t) 
and (0) =, y(0) =Yo. Then the solution v= s(t), y = y(t) can be 


. continued over the half-line OS t <w. The function r==r(t) ts positive 


and satisfies (9). A continuous determination of (10) satisfies (11) when 
(1) is in the case (i), and (15) when (1) is in the case (ii), finally either 
(11) or (15) when (1) is in the case (ii). Furthermore, when (11) holds, 
8 — Q, is a zero of (16); in addition, £? + y”? 0 for a large i and a con- 
tinuous determination of (12) satisfies (13). 


In contrast to the linear case of (*), the alternative in case (iii) can 
now depend on the solution; ef. [2], p. 123. 

As to the first part of (+), that concerning the continuability of 
(a(t), y(t)) and (9), cf. [4], pp. 816-817. 
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UMBILICAL POINTS AND W-SURFACES.* 


By PHILIP HARTMAN and AUREL WINTNER. 


A surface will be called a special Weingarten surface (special W-surface) 
if its Gaussian and mean curvatures, K and H, are connected by an identity 


(1) F(K,H) = 0 
in which F satisfies the following conditions: 
(*) The function F(K,H) is defined and of class C? on the portion 
K = H? of the (K,H)-plane and satisfies | 
(2) Fa + HFx£O0O when K = H’. 
Actually, the assumption that F is of class C* will be needed only on a 


set of points (K, H) on and near the parabola K == H*. In terms of the 
principal curvatures k,, ka, the relation (1) can be written in the form 


(3) W (k, lea) —— 0, 
where W (k, ko) = F (kiko, &(k: + k2)). Correspondingly, (2) means that 
(4) OW /Ok,-OW/dke > 0 if hy = ko. 


In fact, it is readily verified that the product of the partial derivatives in (4) 
is (Fa + HF x)? Z 0 if kı = ks, and so the inequality in (2) implies that 
in (4). 

This fact makes it clear that the above definition of a special W-surface 
is essentially that of Chern [1], who, without specifying the smoothness of 
W, requires that a relation of the type (3), (4) be satisfied. The assumption 
that F(H, K) is of class C* or C? implies that (4) is of class C* or C?, 
respectively. On the other hand, the assumption that W(k,,%.) is smooth 
does not imply that F(H,K) = W(H + (H? — K)4, H — (H? — K)§) is 
smooth at points where K == H*. It is for this reason that a special W-surface 
was defined above in terms of a relation of the type (1), rather than one of 
the type (3). This definition also circumvents the hypothesis of H. Hopf 
[5], p. 234, that x = dk,/dk, exists at the points of the surface where k, = k, 
(that is, K = H°). 


* Received November 23, 1953. 


502 


UMBILICAL POINTS AND W-SURFACES. 503 


The main cheorem to be proved is the following: 


(I) Let £ be a (small piece of a) special W-surface of class C?. Then, 
unless S is part of a plane or of .a sphere, the umbilical points (if any) are 
isolated and their indices are negative. 


An umbilical point of § is a point where H? == K (20). According to 
this definition, a flat point (that is, a point where H = K = 0) is an umbilical 
point. Itis understood that “index” in (I) refers to the net of the directions 
of principal curvature. The terminology (net, index) is the same as in [6], 
where self-contained proofs of what is needed are developed. 

The use of elliptic partial differential equations in the proof of (I) will 
show that, by virtue of a theorem of Nirenberg [7], p. 106, the surface S 
has local parametrizations z = z(#, y) in which the function z = 2(x, y) is of 
class C? (in fact, the third order partial derivatives of z satisfy uniform 
Holder conditions) in a vicinity of the umbilical points. 

The assertion (I) is contained in a theorem of Hopf ([5], p. 236) if the 
assumption that $ is of class C? is strengthened to the assumption that § is 
analytic in a vicinity of its umbilical points. On the other hand, Hopfs 
proof is not applicable even if it is assumed that $ is of class C@. 

If a net of directions (say, principal directions of curvature) on a 
closed orientable surface of genus zero has only a finite number of singular 
points, then the index of at least one of those points is positive; cf. [6], p. 753. 
Hence, an immediate corollary of (I) is the following: 


(II) Jf a closed orientable surface S of genus 0 is a special W-surface 
of class C?, then S is a sphere. 


This theorem was proved by Chern ([1], Theorem 1, p. 279) under the 
additional assumption that the Gaussian curvature K on S is positive through- 
out. Chern’s smoothness assumption is that S be of class C*; actually, a 
perusal of Chern’s proof seems to indicate that his proof implicitly assumes 
that S is of class C*; cf. his use of d*k, on p. 283. Hopf ([5], p. 284) points 
out that a generalization of Chern’s theorem can be proved along the lines 
of Hilbert’s proof (cf. e.g., [8], pp. 122-123) that a closed surface of 
constant Gaussian curvature is a sphere. Since this proof requires that, 
near a non-umbilical point, S be of class C? in terms of a line of curvature 
parametrization, it would also seem to require implicitly that S be of class 
C*; cf. the results of [4] for the possibly analogous situation in the problem 
of asymptotic parametrizations. 

If S in (II) is assumed to be analytic, then (II) is contained in a 
theorem of Hopf [5], p. 287. 
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Proof of (I). Let 8 be represented as z == z(x,y) for small z? + y7. 
Then z is of class C? and satisfies the differential equation (1), in which 


E == (tims) fA p+ gy” 
(5) | 

H = ((1 + q?)r—2pqs + (1 + p*)t)/2(1 + pP + g)? 
and p = Zs, J = Zy, T = Zag, S == Lay ty, A simple calculation shows that 
if the left side of (1) is considered to be a function &(p, q, r,s, t) of p, g,7, 8, t 
by virtue of (5), then 46,8, —&, up to the factor (1 -+ p° + g’)?*, is 
Fy’ + 4H Py, + 4KFr°, which is 4(4Fa + HFg)? when K = H?. Hence, 
(2) means that the partial differential equation (1) is of elliptic type near 
an umbilical point. Correspondingly, a theorem of Nirenberg [7], p. 106, 
implies that if (s, y) — (0,0) is an umbilical point of S, then z==z(a, 4) 
is of class CS (and, in fact, its third order partial derivatives satisfy a uniform 
Halder condition) in a vicinity of (s, y) = (0,0). 


Flat points (K —0). Suppose that 


(6) p(0, 0) == q (0, 0) == () 


and that (2, y) = (0,0) is a flat point, that is, that K == H = 0 holds at 
(£, y) = (0,0). Then (K, H) = (0,0) satisfies (1). Hence, the plane 
z==2(0,0) is a solution of the partial differential equations (1), (5). The 
results of [3], pp. 464-469, imply that if the two solutions z= <2(z,¥), 
2==2(0,0) are not identical, then the second order derivatives of the 
difference 2(x, y) —2z(0,0) satisfy asymptotic formulae of the form 


hon == p” (Cs cos no + Ce sin 100 ) + 0 (p”), 
(7) Lay = p” (Ca cos nO — c, sin nO) + o(p”), (p— 0) 


Zyy = p” (— c; cos nô — cz sin nb) + o(p”), 


where n is a non-negative integer, © == p cos 6, y == p sin 0 and Cı, € are con- 
stants for which c1? -+ c: 340. Since (x, y) == (0,0) is an umbilical point, 
the integer n is positive. 

In particular, (7) implies that 


(8) Znaeyy — Zay == — pr (C3? + c?) + o(p”) as p—> 0. 
Consequently, the Gaussian curvature of S is negative for small positive 
p = 2? + y?, and so (x, y) = (0,0) is an isolated umbilical point. 


Since the net of the directions of principal curvature can be replaced 
by the net of asymptotic directions (the angles of which are bisected by the 
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directions of principal curvature), it follows that the index of (0,0) with 
respect to the net of the lines of curvature is the same as that with respect 
to the net of asymptotic lines, the net defined by 


(9) Zane? + Rreydtdy + Zyydy? = 0. 


Since the omission of the o(p”)-terms of (7) in (9) is equivalent to a 
deformation of the net (9), it follows that the index of (0,0) with respect 
to the net of lines of curvature is —— n < 0. 

(Actually, the asymptotic formulae (7) are not needed to show that the 
index of (0,0) with respect to (9) is not positive. To this end, it is sufficient 
to know that K(x, y) < 0 for small 2? + y? > 0; cf. [6], p. 756.) 


Spherical points (K >0). Let (6) hold and suppose that K > 0. 
Then if 
(10) N = N (z, y) = (A, m, v) A + pw? t= l) 


is a continuous unit normal to S, say N (0,0) = (0,0, 1), then the spherical 
mapping (x,y) — (à, x) is one-to-one. If z is of class C? or C%, then the 
supporting function 


(11) w = w (A, p) = 2 + yp + 2 


is of class C? or C®, respectively, in a vicinity of (A; u) = (0,0); cf. [2], 
p. 310. In particular, the function w(A, p) is of class C° if (x, y) = (0, 0) 
is a spherical point of S, that is, an umbilical point (H? = K = 0) which is 
not a flat point (H = K =0). 

The function #(1/V,U/2V) of (U,V) = (2H/K,1/K) is of class C? 
for U?=4V>0. The equation (1) becomes a partial differential equation 
for w(A, ») by virtue of the Weingarten formulae 


U = 2H/K = Aw + 2wu, Y = 1/K = Aw + wA + w?, 
where A, is the Laplace operator with respect to the third fundamental form, 
(12) | AN |? = { (1 — p?) dX? + RAud\dn + (1 — dA?) dp?} °, 


and A is the corresponding Monge-Ampère operator; cf., e. g., [2], p. 311. 
If (a, y) = (0,0) is a spherical point of 8, then the assumption (2) 
means that the partial differential equation (1) for w is of the elliptic type 
at, hence near, (A, x) = (0,0); cf., e. g., [2], pp. 330-331. 
If the Gaussian curvature of S at (x, y) — (0,0) is (0,0) = 1/R’, 
then the sphere corresponding to the constant supporting function w = È 
is a solution of (1). Hence, the results of [3], pp. 464-469, imply that if 
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the origin on the z-axis is chosen so that z(0, 0) = R (hence w(0,0—R), 
then either w(A, p) =R or the difference w(A, p) —R has second order 
partial derivatives which satisfy asymptotic formulae, analogous to (7), with 
n= 0 (in fact, those which result by replacing 2,y,2 in (7) by À, p, w, 
respectively). Hence, quadratures show that the partial derivatives Wy, Wya are 
O(x"**) and that w(A, p) is R + O(,"*), where x == (AX? -+ p?) and x — 0. 

Let a— 8B (A, u), B—B(A,p) and y= y(à, p) denote the first, second 
and third fundamental matrices of S in its (A, »)-parametrization. Thus, 
y is the matrix of the quadratic form (12) and 


(13) y = BaB; 


cf. [2], p. 304. If 8—8(A,p) is the symmetric matrix the elements of 
which are the components of the second covariant derivative of w with respect 
to the quadratic form (12), then? 


(14) B =è + wy. 


The asymptotic estimates for the first partial derivatives of w show that 
d{A,#) is the Hessian matrix, say y= „(à u), of w, up to an additive 
correction of O(y"*"), as x = (A? + p”)3->0. Hence, the asymptotic formula 
for w shows that (14) can be written, as y — 0, in the form 


(15) © B—By =a + O). 
Thus, by the asymptotic formula, analogous to (7), for the elements of y, 
det (8 — Ry) = — x” (c? + c?) + 0(x""), as x0. 


In particular, det(@— Ry) <0 if y > 0 is sufficiently small. Hence, the 
characteristic numbers kı, ka of By satisfy k, < 1/R < ka for small x > 0. 
Since By = a 18, by (13), the numbers kı, kz are the principal curvatures. 
Consequently, these curvatures are distinct for small x > 0, so that (A, p) 
= (0,0) is an isolated umbilical point of 8. 

This consideration shows that the integer n is positive; for otherwise 
(A, p) == (0,0) were not an umbilical point of S. 

Since (13) implies that 8 — y/k = Ba (ka — B)/k and since the direc- 
tions (dA, du) of principal curvature are the characteristic vectors of the 
(singular) matrices kıa — 8, ksa — B, they are also the characteristic vectors 


+ In formulae (66) and (67) of [2], p. 312, the partial derivatives w,, should be 
replaced by the covariant derivatives V,,.w. 

The discrepancy of a minus sign between the formula (14) of the above text and 
the formula (66) of [2] is due to a different orientation of the normal vector. 


UMBILICAL POINTS AND W-SURFACES. 507 


of B—y/k:, D. In view of kı < 1/R < ke, the net of directions of 
principal curvature can be replaced by the net of directions (dA, du) for 
which the quadratic differential form belonging to 8B— Ry vanishes (the 
bisectors of the angles of the latter net are the directions of principal 
curvature). It is seen from (15) that the latter net can be deformed into 
the net of directions (dA, du) for which the quadratic differential form 
belonging to » vanishes, that is, into the net defined by | 


(16) Wy Ar? a 2Wrpdrdp + Wapdp” = 0. 


Hence, the index of (À, x) — (0,0) relative to the net of directions of 
principal curvature is —n < 0. This proves (I). 


Remark. Let (II*) denote that weakened form of (II) in which it is 
assumed that the Gaussian curvature on § is positive (as in Chern’s theorem 
[1], p. 279). Then (II*) follows from the theorem (O) of the Appendix 
of [2], pp. 330-338. 


Under more restrictive conditions of differentiability on F and S, the 
result (II*) is contained in a theorem of Pogoreloff (1948). Under the 
assumption that F and § are analytic, (II*) is implied by a result of 
Alexandroff (1939). It should be mentioned that, in the analytic case, the 
use of index theory in differential geometry is due to Cohn-Vossen (1927) 
and the combination of indices with the theory of elliptic partial differential 
equations to H. Lewy (1988); cf. also Hopf and Samelson (1938), Alex- 
androff (1939) and Zhitomirsky (1939). For references to the papers men- 
tioned, see [2], p. 834 and [8], p. 476. 


Remarks on the Appendia in [2]. In theorem (O) of [2], p. 330 (in 
which the last word should be satisfy instead of satifies), it was assumed that 
the surface S is of class ©”. Since the function F' occurring in the elliptic 
partial differential equation F = 0 is assumed loc. cit. to be of class C?, 
it follows from Nirenberg’s above-quoted result ([7], p. 106), which has 
appeared in the meantime, that it is sufficient to assume only that S is of 
class C?, for © will then be of class C° by necessity. 


Another improvement on the Appendix of [2] is as follows: On pp. 332- 
333, the asymptotic formula for det(w:, — oi) was used to show that the 
congruence points are isolated. ‘The proof that the index of a congruence 
point is negative (is omitted but) follows at once from the asymptotic 
formulae for wiz — oi (analogous to (7) above) supplied by the result of 
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[3]. (That the index is just non-positive, instead of being negative, can also 
be concluded from a theorem of Hopf and Samelson, [6], p. 756, top.) 

The paper referred to by [3] on p. 334 of [2] is the paper [3] in the 
bibliography below. | 


THe JOHNS Hoprins UNIVERSITY. 
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SOME FUNDAMENTAL FORMULAS FOR HERMITIAN 
MANIFOLDS WITH NON-VANISHING TORSION.* 


By Wrecram M. BOOTHBY. 


1. Introduction. In this paper is developed for the case of complex- 
analytic manifolds with a Hermitian metric the useful technique originated 
by Chern which consists In referring to the principal fibre bundle B over a 
manifold M the tensor calculus of M. The first part of the paper is an 
exposition of general facts about complex manifolds which are already well 
known, including a brief discussion of the method of Chern in the complex- 
analytic case. In sections 10-13 some basic formulas are worked out including 
those for d8, *6, 86 for a differential form 6 of M referred to B. These are 
generalizations of the formulas given by Guggenheimer for the case of a 
Hermitian-Kähler metric. The final paragraphs give applications of these 
formulas which use Bochner’s Lemma and which are similar to the applica- 
tions given by Bochner in the case of a Hermitian-Kähler metric. 

This study was undertaken at the suggestion of S. S. Chern to whom the 
author is deeply grateful for helpful comments and discussions during its 
progress. 


2. Complex manifolds. Let M be a topological manifold of dimension 
2n and let {U} be a family of open sets covering M in each of which is given 
a system of complex coordinates u',---,u” Further assume that wherever 
two coordinate neighborhoods U,V overlap the corresponding change of 
coordinates is given by complex-analytic functions vi = vi(ut,- - -, u”) with 
non-zero Jacobian. ‘The family of coordinate neighborhoods is then said to 
define a complex-analytic structure on M. For functions defined in some 
neighborhood of p € M, not necessarily the same for each function, the concept 
of being analytic at p is then invariant and we let @(p) denote the family 
of all functions which are analytic at p. The complex-analytic structure 
automatically defines a real-analytic structure: corresponding to complex 
coordinates w!,:-:,u* we have real coordinates 2,---,2?" where? 


* Received October 9, 1953. 
* We adopt the following summation conventions: latin indices 4, j, k, ete., run from 
1 to n; greek indices a, £, y, etc. from 1 to 2n. For indices from 1 to n a star (*) 
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ui = pi + ir. The change from real coordinates æ* to real coordinates y* 
corresponding to vi = y + iyi is thus necessarily given by real-analytic 
functions with positive Jacobian. Any real-analytic function may be written 


as a formal power series in u3,---,u”,u*t,---,u*" by replacing a! by 
(ui + u") and ti by (uw — u™), so we may and shall use ut, > +, u”, 
yt e + -,u*" in lieu of zt,- - ,æ°* wherever real-analytic coordinates are 


required. We let F(p) denote the family of all complex-valued functions 
f == u + iv whose real and imaginary parts are real-analytic, i. e., the family 
of all functions having expansions in powers of u*,-- -,u",u*1,- - +, u*, 
local coordinates at p. Then at p both df/dui and df/du*) are defined for 
fe #(p), and the subset Œ(p) of F (p) consists of exactly those functions f 
for which éf/du*i — 0, j =1,: -> n. We let @*(p) denote the functions 
whose complex conjugates are analytic at p, i.e. the functions f for which 
0f/Qui == 0 for j—=1,:--,n. F(p) is a linear space over the complex 
numbers and @(p), @*(p) are subspaces. Complex conjugation, f — f* is a 
conjugate automorphism of F (p) carrying @ (p) onto Q* (p) and conversely. 


3. The vectors tangent to M. The definition of a tangent vector at 
pe M will be the complex analog of the invariant definition given by Chevalley 
[4] for real-analytic manifolds. A vector at p is any linear map v of F (p) 
into the complex numbers which on a composite function f = f (q, © +, 9"), 
gi: -,9", fe F, satisfies the chain rule 


o(f) = 0(q*)af/agt +: + : + (qr) OF /aq", 


from which it follows easily that the collection of all such vectors forms a 
vector space of dimension 2n, W?"(p) over the complex numbers. If 


ut, > +, u” are coordinates at p, then every fe ¥ is a composite function 
f= f(u, > o, un, u” e o o u) and this gives rise to a natural basis 
fus "fn fus >, fx of W?" associated with the coordinates and charac- 


terized by fa(u®) 8a. Although we do not do so, it is suggestive to use 
the notation f; = 0/dui and f*; = 0/Qu*}, since if ve W?” and f = f(ui, - -+ , u”, 
wel. - - ur) e f, we have 


v(f) = v(ut) 0f/du% = v (u") fa(f). 


affixed to the index automatically adds n, and for those from n + 1 to 2n subtracts n. 
Complex conjugates are denoted by a star (*) rather than a bar (-) and for symbols 
representing complex numbers the placing of a star on the index is equivalent to taking 
the complex conjugate. For example we write uti or uf* for the conjugate of w. 
(This notation is adopted for typographical convenience. A better notation is to replace 


all stars, including those on indices, by bars, see [6]}. Repeated indices are to be 
summed. 
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= We remark that since the coordinates. u? are valid in a neighborhood of p, 
they furnish a natural basis for the tangent space W2"(q) at each point q in 
the neighborhood, thus f, == 0/éu* actually is a field of bases over the 
coordinate neighborhood. If the coordinate neighborhood V overlaps with 
U, we have 0/6v% == (du®/dv*) (0/du®), that is, ga = (@uP/dv*) fg. 

The interesting point is that W?" carries further structure in the form 
of certain maps and subspaces which may be invariantly defined in our 
schema. First we may define a conjugate automorphism v —>v* of W°» by 


of) —[v(f*)]*, fes. 


We shall refer to this map as the conjugate automorphism of W°”. For the 
natural basis fa: * +, fn, fa, °°; f*, defined just above we have f*; = fie. 
Second we may define subspaces V” (and V**) of W?» as those vectors of 
W?» whose value on Œ*(p) (and Œ(») respectively) is zero. Then we may 
prove the following statement. 


Proposition 1. W°» is the direct sum of tts subspaces V” and V*", 
each of which is of dimension n. The conjugate automorphism carries V” 
onto V*" and conversely. In any natural basis relative to local coordinates 
tis des fn € VY" and age ZET frre Yu 2 


Proof. It is clear from the definitions that the conjugate automorphism 
carries V” onto V*" and V*" onto V”, so that both subspaces have the same 
dimension. If any vector v is in both V” and V**, then v(uf) = 0 = v(u*’), 
j—=1,:::,n for local coordinates ut,---,w" at p; and therefore by the 
chain rule v(f) = 0 for every fe f, so that v — 0. It remains to show only 
that Ve + V*" spans W°”; but it is easily seen from their definitions that 
fi-- >, fae V” and f*,,: : :, ff,e V** and these vectors form a basis of W?*. 
We shall call the vectors of V” pure complex vectors, since, in the sense that 
wére we to restrict ourselves entirely to complex-analytic functions in defining 
the differentiable structure on M, M being then a manifold of complex 
dimension n, we could proceed by analogy with an n-dimensional real-analytic 
manifold, and define just the n-dimensional vector space V” over the complex 
numbers as tangent vectors to M. However, for most purposes restriction 
to complex-analytic functions is too severe, and we are impelled to consider 
real-analytic functions. It is in this latter context that it seems natural, 
though not essential, to introduce the vector space W?".. 

A vector will be called real if its restriction, as a mapping, to the real- 
valued functions of F (p) is real-valued, that is if its value on every real- 


? It is convenient to denote vectors of V*" by y*, i.¢., image of ye V". 
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valued function in (p) is a real number. The real vectors in W?” form a 
subset Æ?” which is closed under addition and multiplication by real scalars 
and is therefore a vector space over the real numbers. 


PROPOSITION 2. A vector v of W*" is in R?” if and only if v* =v; the 
dimension of R?” is indeed 2n; and each vector v of W°?* may be uniquely 
written in the form v =v, +- we, where v, and v, are real. 


Proof. Let ve R™ and fe F(p), then f =f, + if, where fi, f2 £ F (p) 
and are real so that v(f,), v(fe) are real numbers. Since v is linear, 
v(f) = v(f1) + w(fe). On the other hand 


v(f) = [o (F=) = Lo (f1) — (fe) ]* = vfs) + i (f2). 


Then v* == v. Suppose on the other hand that »* = v and that fe F (p) is 
a real-valued function. Then [v(f)]* = v*(f*) = v* (f) —v(f), that is 
the value of v on f is a real number, whence ve R°”. Now the dimension of 
R?” is =22n since the 2n vectors 


Eh + ff): ` "s $ (fa + Fen), — fi(fi — f*1),° " y — EU fn — fn) 


are in Æ?” and form a basis of W°” and must therefore be independent over 
the real numbers. On the other hand if atv, + -: + av, = Q is a com- 
bination of real vectors v,,- > -, v, with complex numbers as coefficients, then, 
since vj== v*;, the conjugate automorphism applied to both sides gives 
alu, +--+ ++ av, = 0 so that the same combination with only the real 
parts or with only the imaginary parts of the ¢”s is zero. From this and 
the fact that every set of more than 2n vectors of W°» is dependent over the 
complex numbers, we see that the dimension of R”! & 2n. Hence it is 
exactly 2n and the vectors above form a basis. It is worth remarking that the 


above basis of Æ?” corresponds exactly to the natural basis 6/@27,- - - , 2/2”, 
0/0x"",- - -,0/dx™ corresponding to the real-analytic coordinates zt, : -, 2", 
a: + -,æ" mentioned in section 2, and 


ĝ/ðu — 0/0v + 9/07,  8/ðu*İ — 8/dai — i8/da". 


Finally let v be an arbitrary vector in W°”. It is easy to see that 
v==4(v-+ v*)-+ L(v—v*) is a unique representation of v as a com- 
bination v, + iv, of real vectors v, and vəz. 

Finally we define the automorphism ¥ (see Eckmann and Guggenheimer 
[5] and Guggenheimer [6]) introduced by Hopf. If ve V”, then let bo = iv 
and, if ve Ve, let Yvo —=—-w. Since W?” == V” + V*"* this defines Y for 
an arbitrary vector of W?*, The following statements about Y are clear. 
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PROPOSITION 3. W commutes with the conjugate automorphism: Yv* 
== [Yo]* and V”, V*" are the invariant subspaces associated with the two 
proper values of + i of ©. - 


4, Inner products. Let v:w be a symmetric, bilinear, complex-valued 
function on W?", so that 

(1) vw =w for v,we WwW 

(2) [av + po] w — a[v-w] + piv- w] 

vi aw + Bw] — alv-w] + 8[v'w] for a, B complex numbers, 

and further satisfying 

(8) [v-w]* = v*-w* 

(4) wv 20, with equality if and only if v = 0, and 

(5) v'w == 0 if v and w are both in V* or both in V*r. 


Then this function defines a real-valued inner product on R*. Moreover, 
the function (v, w) defined for vectors of V” by 
(6) (v, w) = v'w* 


is a Herimitian scalar product on V”. Conversely a Hermitian scalar product 
on V” allows us to define a function with properties (1)-(5) on W°”, namely 


(7) Lo + v*’] > [w + w] = (v, w) + (a, v’) 


where v + v and w + w* are the unique representations of (arbitrary) 
vectors of W°” as the sum of a vector of V* and a vector of V=». Let 


fa +a fm f° > >> fa be a basis of W?* and let gag == fatfg. Then we have 
(8) Gig = 0 = geje aNd Juje = gju = jue = Jy. 

If at each point p of M a function v'w as described is given on W?" such 
that as functions of local coordinates relative to the natural basis the gag 
are real-analytic, then M is called a Hermitian manifold. Clearly it is also 


a Riemannian manifold. We remark merely that relative to such an inner 
product the map Y of section 3 is a rotation on Æ°?*, so that 


(9) Vo: bw = vw. 


Relative to such a product on W** is defined a natural isomorphism from 
Wer to W?» with w, the image of w, defined .by 


(10) <v, w = vw for ve W°r. 
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Let p',- - +, on, p*r + >, o*r be dual to facc +, fa, Fot > +, fn a basis of 
W" and let &*f, be a vector of W?» with components ,--:-,&". If wad? is 
the image in W’?" of tfa we have 


pi == (fo ppp®> si fi Efe = EP gije and, 
(11) 
pis = Cf, peppy = FP Efa = E giri. 


In tensor notation these are standard formulas for lowering indices. By 
virtue of (8) they may be combined into 


(12) Ha = Gapt?. 


5. Tensors on M. A tensor T at p of type (r,s) is an element of the 
Kronecker product Wr, — W?r Q: QWA QWA- QW of r 
copies of W?* and s copies of W’". If a tensor of type (r,s) is given at each 
point of M, we have a tensor field T (p) on M. Let ut,- -,u” be local 
coordinates with fi,-- ", fn fra, ©, fn and t,e e +, o”, 6*4,- e +, o*r the 
corresponding dual bases in W?» and W”". Then we have 


The components Thw--Br, a, are in our case assumed to be real-analytic 
functions of the local coordinates ut, - - ,u* and their conjugates. Cor- 
responding to the subspaces V" and V*" of W°" and their duals, we 
have a direct sum decomposition of W”, into subspaces. For example 
W = Wr Q W & Wr is the direct sum of 2° subspaces such as 
Ven Q VF" & Var, Vr & V*r & Vr, etc. Tensors in these subspaces have, 
relative to a natural basis, all components other than those of the form Tisjexs 
Tiger, etc. respectively, equal to zero. The elements of these subspaces are 
called pure tensors, and in studying linear operations on tensors one may 
conveniently restrict oneself to pure tensors, as will be done below. Tensor 
components written with latin indices may always be assumed the components 
of a pure tensor. 

An important subset of W”, consists of linear combinations with real 
coefficients of elements of W”, of the form u, OQ- Qu G 8 ©: : Re 
where u; are elements of R°” C W2" and #* elements of R°?» C W», This 
subset is naturally isomorphic to the Kronecker, product 


Rr, == R?” Cd - 5 -® R* & RR" Q: i QR 


over the real numbers of r copies of A?" and s copies of R°» which will be 
thought of as thus imbedded in Wr. Bochner [1] has given the simple 
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condition which follows, that a tensor T of W”, lie in R”, i.e. be a real tensor. 
For definiteness consider again the space W3, = W” Q W @ W°» and let 
T = Toro, Q vs Q vy be an element thereof. We define on W°, the con- 
jugate automorphism T —> T* by 


T* =o TY", Q ve Q v*.. 


Now every vector v, has a unique decomposition Va = Ua + Wa, Ua and Wa 
real vectors, and also 787 == Rofy + 49°87 with R*8Y and S*87 real numbers. 
Thus T may be written | 


Tab = (RY + i9387) (ua + iwa) Q (up + iwp) Q (tty + iwy). 
Using the linearity in each of the “factors ” it is seen that 
T = P + iQ, where P,Q £ R” Q R? Q Ra 


to which T itself belongs then if and only if @—0. In this notation T* 
becomes | 
T* = P — iQ, 


so that T — T* is the condition for T to be in R” Q) R” & RK, i.e. to be 
real. T is said by Bochner to be self-adjoint in this case. 

If an inner product is defined on W°»? we may use the corresponding 
natural isomorphism of W?» to W°» to raise and lower indices of the com- 
ponents of tensors. Thus relative to dual bases 7Au--Fr, a, is carried to, 
e. g. TB-BrV.Ys where 


TPB. BrYa Ys aon TR Bee agang: so Vow geet, 
If the basis chosen in W°» is unit orthogonal in V", then gije — ôy and 


T Br Br vs..." s = TP Bry y 


We remark that using multi-linearity of elements of a Kronecker product 
it is easy to derive the classical formulas for change of components of a tensor 
under change of basis. If fates fas fa," - +, f¥n and 815° °° Bm ga. Bn 
are bases of W2" related by fi = Pig, f*; = P*iig*; and T is, for example, a 
tensor of type (3, 0) 

T = Teef O fa © fr 


then we have 
T = T8 Prga OQ PHpey, Q P'yBy = TIP PEP” yg © Fu © 8, 


so that the components of T relative to ga are T*6YP\,P4,P",. This is 
the usual formula in the case of change of coordinates from u to v with 


a 
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PA, == Ov\/ôur. This formula has been. used classically to define a tensor and 
for brevity we shall revert to the classical definitions for tensorial differential 
forms. For example a tensorial differential form of order p and type (3, 0) 
is given if in each local coordinate system u*,- - -,w" are given (2n)? differ- 
ential forms 0°47 of order p in du’, du*+ transforming according to the rule 
given above for the change of components of T. A tensor of type (r,s) is a 
tensorial form of order 0 and type (r,s). 


6. Affine connections. There are two methods of computing a metric 
affine connection on a Hermitian manifold M, that is to determine for each 
local coordinate system u*,---,u" a set of (2n)? linear differential forms 
OPa == IPad” defining by df.==O?ufg the differentials dfa of the natural 
basis vectors fi,: ++, fn, fie, > csfas in a manner independent of local 
coordinates. This latter means that if v7,---,v* is a coordinate system 
overlapping wi,---,u” and 91,° ` °, Sn, Bis’ © *,8n* its corresponding basis 
(where we have? then f, == P8,gg with PPa == dv8/du* and ga = QFafg with 
Q84 == du®/dvut), then we may compute df, using either 68, of the u-coordinates 
or yfa of the v-coordinates, and both must give the same result: 


(1) dfa = d (Pagg) = (dPPa + Pay») ge, where dga = yag 

whence we must have 

(2) 08, = (dP#, + Pray) QF, 

This is the classical formula for the change of components of an affine con- 
nection with change of coordinates. We impose the condition 

(3) df”: = [dfi]* (i.e. 078, = OF gs) 


as part of the definition of affine connection on a complex manifold. The 
connection is called metric if 


(4) - Aa" fe] = dfa fa + fa’ dfe. 


If we define a real displacement dp of pe M by dp = duif; + du*/f*; and 
a pure complex displacement by dp = dwf; then we may compute the 
torsion by 


(5a) d(dp) == — dwdf, — du*idf*; = 0% dw fa + Odu" fa 
in the case of a real displacement or by 
(5b) d(dp) = — duidf; = 6;duifa 


3 p, = ĝvtjĝw, PY. == ĝy*t/ĝu*] = Pp™, and Pt. == 0 == P**, since the vs are 
analytic functions of the w’s. Similar formulas hold for Q8- Note that P*8 = PF" .. 
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in the case of a pure complex displacement. We say that the connection is 
without torsion (in the pure complex sense to be understood) if d(dp) as 
defined in (5b) is zero. 

Having made these definitions we consider the first of the two methods 
of computing a metric affine connection. In this method we ignore the 
complex-analytie structure and consider M as a real-analytic manifold with 
a Riemannian metric (albeit a metric with special form when referred to our 
complex-analytic local coordinates). Then it is standard that there exists a 
unique metric affine connection without torsion in the real sense, (5a). In 
fact we have 98, — B8,,dz” == g®¥B,,.,dz” where 


(6) Bury = 3 (OGay/OW + OG yy /Ou* — IGap,/OU"). 
These formulas simplify somewhat due to the identities (8), section 4, to give: 
Bije = 0 = Br ioje ney Bije o = 3 (OG jen /Ou* — Ogije/Ou*) = B* irr 
(7) Birje = F(Ogisn/Ou* — Oginj/0U*) = B* ijn 10, 
Bix == $ (0gixe/Ou? su 0g;x+/Ou) = B* i254 y 
This affine connection, being the standard one on a real Riemannian 
manifold defines dv only for real vectors v, however it is easily extended to 
all of W?" since every element of W°” may be uniquely written in the form 
a + ib, where a and b are real vectors. Thus we define d(a + ib) = da + idb. 
Of more interest for complex manifolds is an affine connection whieh : 
makes essential use of the complex structure, the second method referred to. 


By analogy with the Riemannian case we would like to think of M as a mani- 
fold of n complex dimensions, restrict ourselves to the pure complex vectors 


of W°», i.e. to the subspace V”, and use only the ut,- --,u” and not 
u*t,- ++ ,u*" to obtain thus the forms 6i, = Cimdu: by which we define 
df; = iif; for the basis vectors f,,- > -, fan of V”. Given such a connection 


we could extend it to V*", using df*;== [df;]* as definition of df*;, and 
hence by linearity to W°”. The condition that the connection be metric gives: 


d (fe fi) = afi ff; + fdf"; or 
dgis == Oige + O** gine whence 
(8) Cine == girs ĝui, CF; == g4 Ogi / Qu? 
and following df*; — {df;]* we define 
Cine == 0gies/0u*t and Cie = CE, All other CVs are zero. 


In general the two connections arrived at here are not the same. The 
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condition that they coincide is exactly that the connection be without torsion 
(5b). This is equivalent to the Kahler condition on the metric: dgiz+/du! 
= 09;,+/0u'. However, the main interest below is in a preliminary investi- 
gation of this connection when the torsion does not vanish, i.e. the non- 
Kahler case. 


7. The bundle of frames on M. A frame pe,’ erei- +> e*, at a 
point p of a Hermitian manifold M will mean an ordered set e,,-- -, €m» 
e*,,: ° +,e*, of 2n vectors of W°”, the vectors e: - -,e, in V”, with order 
coherent with that orientation of W?" induced by the orientation on M, and 
satisfying e;-e*;— êy. The collection of all such frames at all points of M 
constitutes the bundle of frames B, a fibre bundle over M with the unitary 
group U(n,C) as structure group. Since each frame at p is uniquely 
determined by the vectors €,,:--°,@,, this bundle is, except for notation, 
the same as that defined by Chern [3]. If wt,- - -, wu" are local coordinates 
in a neighborhood U of M and f,,- > +, fen the corresponding field of natural 
bases of W2", œt,- - - , œ?” their duals, then the vectors of a frame are given 
by e; = X*,f, and e*; = X**,f*, or, i.e, es == XFafg, with XM; = 0 = Lie. 
With change of coordinates the Xf, transform contravariantly in the upper 
index. The duals ef, e*/ to ef, e*l are given by à = Vip", i = Y*1,6** or 
et == Y%5d8, where YIX*; == diz, == XY", and so we also have f; = Y*e,, . 
f*; = Y**e*,, and so on. The variables ut,- + : ut, Xi, X*i, give a system 
of local coordinates in 77#(U) in B, where 7: B — M is the natural projection, 
although the variables Xj, are not independent but satisfy the relations 
AE X* que = dj whence B has complex dimension n(n -+ 1)/2 and real 
dimension n(n + 1). 

At this point we introduce one of the more important notions in the 
paper, namely what will be loosely spoken of as referring a tensor of M to B. 
Arguments given in section 5 allow us the convenience of restricting ourselves 
to pure tensors. To be definite we will consider a tensor T of type (2,1) 


having components Ti”, in the local coordinates ut, > =, u”. 

(1) T= Tf, @ fr; © p. 

Relative to the basis of W°»? determined by a frame pe,: > -e,e%1:' - e"n 
we have 

(2) T Tin e, Q e” m Q e" 


where, of course T!", are given by 


(3) Tim, = Ti" VU em Xe, 
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determining thus n° functions defined in r?(U) C B. It is easy to see that 
the functions 7", as defined in B are actually independent of the local 
coordinates on M used on the right side of (3) and thus are functions on 
all of B, depending in fact only on the tensor T itself. They will be called 
the components of T in B. They may be considered as components of T 
in a sort of universal coordinate system defined over all of M, and a coordinate 
system for which the vector basis is moreover unit orthogonal throughout. 
We shall see how it is possible to use these components, functions on B, just 
as we use the components of T in a local coordinate system ; thus “ referring ” 
the tensor calculus of Jf to B. This is a great advantage especially for global 
considerations as one is freed from the nuisance of local coordinates and, 
moreover, since the components of T im*, are with respect to unit orthogonal 
bases, it is possible to raise or lower indices merely by placing a bar over 
the index moved. Thus 7", corresponds to Tian and to T’*", etc. This 
is the method of Chern mentioned in section 1. Below its ramifications are 
worked out for the case of complex-analytic manifolds and a few applications 
are given. 


Pod 


In the same fashion that tensors may be referred to B, tensorial forms 
may also be referred to components in B. Let œ; be local components: of a 
pure tensorial form of order p and type (1,1); then œ; has as components 
in B the n? forms 04; on B determined in local coordinates ut, Xi, Xi, by 


(4) | Qi; == Vyp VIX, 


In particular the complex displacement dp referred to in section 6 is given 
by dp == du'f,, the dut being therefore tensorial forms of type (1,0) and 
order 1. They have the forms wi — Yi,du/ as components in B, and, since 
dp: dp* == ds’, the differential of arc length, we have ds? = (owt) -> - - 
+ (w"w*"), If v is a vector field on M, then the absolute differential dv is a 
tensorial form. Let v= V*f, in local coordinates then dv has components 
DV« = dVe + 8%8VB relative to these coordinates. As components in B we 
get DVY — (d¥*+ 4 VB)\YY. In particular, if we are given in some 
neighborhood of M a field of frames e, then de; == (dX4,-+ 01X") f; which 
relative to the frames is 


(5) | de; = we; = (dX; + 67,,X%;) F ler. 


Now if we allow Xh, u to vary independently then the wl; are forms defined 
in each coordinate neighborhood of B. But since on every local cross-section 
of B, i.e. field of frames on M, they define de, it is clear that they define 
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forms on B independent of local coordinates, which assertion is éasily checked 
directly. The wi, o*t, wi o*i; span the space of n forms on B. Relations 
among them will be considered in section 8. As is already perhaps apparent, 
the œ; will play the role of 6’; in our calculus on B of tensors of M. 

Now given as above a tensor T == Tifi Q f*; Q dE on M, the absolute 
differential DT of T is a tensorial differential form whose components in the 
local coordinates are 


(6) DTW, = aT, + OT, + OFT, — OUT, 

Lifting this tensorial form we get on B 

(7) DT ti, — DT, Y Y X'y 

On the other hand the expression by Mi we will now define DTP y namely 
(8) DT'*, = ATi, + on + of, Ti", — TP woh 


is easily seen to give the components of DT relative to a field of frames on M 
and hence, allowing the frames to vary independently as above, to define n° 
forms in B. Further, using dT; == d(T?1,Y',Y*/,X",,) and (5) we see that 


(9) pi, = DT, 


These formulas show that we can refer to B the operation of covariant 
differentiation merely by using wf rather than 6’; The component differential 
forms of DT in local coordinates are of the form 7*",),du* where T#',,, are 
the components of the covariant derivatives; and hence DT, are seen to be 
given by expressions DT, — TP geo involving only the ws, and not wps 
or their conjugates. Of course Tisy and T#";1.« are tensor components of a 
tensor, the covariant derivative of T, whose components in B are Ti], and 
THz) ys. We digress to note here that if T is a pure tensor with components 
T”, relative to a given coordinate system then T* is also a pure tensor with 
components Sty. where Siye = T*+J",, and from property 3, section 6-of the 
affine connection it follows that 


(10) She T's and iesp TA. 


The content of equation (9) is that for tensors on M the operations of referring 
to B and of taking covariant derivatives are interchangeable, the forms œf 
being used to take covariant derivatives relative to the components of T in B. 
This leads to an answer to the following question: where are given @ priori 
in B the components in B of a tensor of M? 
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Proposition 4. Let T", be n° functions on B. These are the components 
in B of a tenscr on M rf and only 1f * 


(11) ATi, + Ti et, + Ti oi, = TH wl, == 0(w). 


Proof. The necessity is proved above and the sufficiency follows from 
the sufficiency proof of the following proposition, as does in fact the entire 
proposition if we regard tensors as tensorial forms of order 0. 


PROPOSITION 5. Necessary and sufficient conditions that a set of n° 
` differential forms ©”, of order p on B are the components in B of a tensorial 
form of M are * 


(12) Oi", e B[w®] 
and 
(13) dO, + oh OM, + oO — oh 0", © Ro]. 


Proof. The necessity is a matter of direct verification and is similar 
to the remarks above for a tensor Pis, and so will not be repeated. Before 
proving the sufficiency we make some preliminary statements about forms of 
M and B and prove a lemma. We continue to let 7: B— M denote the 
natural map carrying each frame pe.‘ > ' enei: © - e*, into its base point p, 
and let + again denote the induced map of forms on M to forms on B. By 
considering local coordinates u’,---,wu” in a neighborhood U on M and 
wy: + +, ur, Xi A*i in at (U) on B we see that the image in B of a form 
of M must involve only dut and not dX/, or dX*5,, or, using of, wp w*/;, then 
only w* and not w; or w*4, Thus a necessary condition that ¢, a form of B, 
be the image, ¢ == (y), of a form of M is be Blot]. Further, in the local 
coordinates of m> (U } any form r(#) must have as coefficients, when expressed 
relative to du*, functions of ut,-- : ,u®,u*1,- - + u*# for which an equi- 
valent condition is that the exterior derivative involves only the dus and 
not dX?,, dX*; so that the following lemma holds. 


Lemma. A form ¢ of B is the image under x of a form y of M if and 
only if 
(14) pe Rl o*], dpe Ro]. 


Now consider again 0", satisfying (13). A tensorial form on W which has 


4A differential form ¢ of B will be said to be congruent to zero mod wa, œ = 0 (wa), 
if @ is in the ideal generated by the wa’s, a= 1,.-.,2n, whereas pe R[ wa] will 
denote that ¢ is a polynomial in the wws. For ¢ linear the two are equivalent. As 
-previously remarked restriction to tensors of type (2,1) is for definiteness only. 
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components 0"; in B would in local coordinates in *(U) on B necessarily 
be given by 

(1 5) Quen, aise XM Xe VEO, 

and if the coefficients of the forms 0”, are functions of wi, u*? alone, then 


it is easy to see that Q”*", are in fact the components in the coordinates wu! of 
a tensorial form on M. By the lemma this holds if dom” e Ret]. Now 


dQrn*, ae Xm aX n a i d0 i 4- AX AA Y UO, 
+ Am GX * n Yue, + Am n AY tO. 
Using (13) and the equations (5) 


dX’; == wk NT, Der OX, | aY!, ——= YR, + Y7,6%; 
we get 
drn" EE os pm, Qn*, us Gen, Qn, + OEM y e R [uw] 


which completes the proof. 


8. Equations of structure. Chern [3] has proved that given a Her- 
mitian manifold M, its bundle of frames B and the forms œt, - >, o” defined 
locally by o! — Fidui in the notation of the previous section, then there 
exists a unique set of forms «4 on B satisfying 


(1) ot, + wi; == 0) 
(2) dwt — ww, == Atoiak, Ati, + Atr 0. 


If we denote by Qt the forms A'yuwfo* he has further shown that the forms 
Q; defined by 


(3) D, = dol, — wk jw, 
are of the form * 
(4) D = Riyal, Rajan = RF jee. 


These he has called the curvature forms. By taking the derivatives of (2) 
and (3) and using these equations themselves one gets 


(5) dO + a = iOi; 
(6) AN, — ‘wi, Q*; — ot, = 0 
whence, since the right hand side of each equation is in R[e*], we have 


ë We have altered slightly the notation of Chern writing as R,.,, the quantity for 
which he has written — RK, pr 
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from Proposition 5 that Qf, Qf; are the components in B of tensorial forms 
of M. The corresponding tensorial forms of M of course are the torsion and 
curvature forms as will be shown. 

First we must show that the wf; whose existence, uniqueness, and role in 
the local equivalence problem are demonstrated in [3] are the same as those 
we defined in section 7 by 


(7) w) = (aX, + OX) Yi, 

that is, we must show that our w satisfy (1) and (2). Then it will appear, 
by solving for 4; in the equation above, that the 6%, we determined by 
assuming the connection to be metric, to satisfy df*;— [df;]*, and to be of 
the form 0i; == C%,du* are the same essentially as those determined by (1) 


and (2) above, which throws more light on why this second type of affine 
connection is natural for Hermitian manifolds. We have 


(8) dwt == dY tdw = — Ytd Xi po" 
and using (7) we get 
dwt == wnt, — YHA trgi? gips / GUIX hw", hence 
(9) dw? = wat, + Atreo" with 
(10) An (YX pA ty — Vis NN) GP" Ogre / OUI. 
Reference to (5b) of section 6 will show the forms 0! = A*,z0%o* to be exactly 


the components in B of the torsion 0°,dui = C;,duïdu as defined there. It 
remains to show that the forms w; defined by (7) satisfy (1). We have 


(11) ol + w” t = (dX*, + Xi 0%) Yir -+ (daX**, -H XL Gk) PA, 
The condition e;:e*; == 8, may be written 


(12) AK X* LG ire oom Oi. 
Differentiating we get 


(13) AXE X * Onis AX AX * 1 Cute -++ AK X* tAgrrs = 0, 
Jf we use gr — Yr Y "P, this becomes 
(14) ax*, Fi, +- dxX* Lyre, + ATX Agu = 0, 


and we may write 

(15) wi; -+ ot, — nr X LEA TO mn» +- X LY i -H X* L yE g k, 

Then substituting for 9%, 0*%, the expressions found in section 6, (8), we get, 
using gi — Xi 4%, 

(1) wi + o*t == 0 


as desired. 
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If we denote by A, the curvature forms in the local coordinates ui, ui 
we can show in much the same fashion as above that if these are given locally 
in M by the formulas 


(16) Ak, = dë; — 67,6", 
then the components in B of these forms are in fact Qf, as defined in (3). 
The equations (16) allow us to compute A*; explicitly. We have from section 
6, (8), 
(17) 6%; = C*pdu', Cha = gl" ôg / Ou! 
so that 
AF; = d(C*,du') — 0", CO ,du™dut 
(18) AX, — (80% 1/du™ aoa O” imO n) du™du! + 6C*,,/du*™ durdut. 
Using the notation 
(19) MS, = RE du da! + Rëm, dutdu*" 


where Rim + Ritim = 0 we have 


Riu = 3 (OC /0u™ — OC8 in /Ou* — Can F CnC), 
(20) 
Rëm” dis OC*,/du*™, 
Substituting from (17) in (20) and using A(gT gr) — 0 we get 


(21): > Rëm=0 and 


(22) Rëm = — Pque Pwu gti" — (Ogy /Out) (8g /Ou*™) 
which may be written 

(23) Riem = 0 

(24) Rirsmi == — 8 gizs/Ou"Ou** +- GE (Agnns/0u™) (Ogige/Ou*"). 


10. The Bianchi identities. We have defined Qt, the torsion forms, by 


(1) Qi == Aipolo" 
and have noted section 8, (5) that 
(2) AQi — wi; = 0/04; 


If we take the exterior derivative of both sides of equation (1) and sub- 
stitute for dQ? in (2) we are led to 


3) At ix lio lolok + Atir ro" lolok + 2A tyr A yw lalo® = Ryeo” lo" 


H 
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which gives us the Bianchi identities 
(4a) Riise — Brings = 2A tipje 
(4b) Ath — Atr — Abra + 2 (Ann AM — Andy; — Arj) = 0. 


Concerning (4a) we remark that if Atm] = 0 then the curvature tensor 
has the same symmetry properties as in the case of a Kahler metric. This 
seems to be one of two rather natural conditions that can be imposed on the 
torsion, the other being A*,,— 0. Unfortunately examples of non-Kahler 
manifolds are not plentiful, and at present there seems to be no example 
of a compact manifold for which either of these conditions is satisfied. In 
particular if A*;,;%—0 we may conclude that the three “ Ricci tensors ” 
coincide : 


Rys = Rjnvije 
(5) | Sige = Binene 
Tijs = Rijsnne. 


On the other hand, if A’, — 0 then Rip — Sye. That these three tensors 
need not be the same is shown by the following example. 

We consider the manifold M — & X 8%, the Cartesian product of a 1- 
sphere and a 3-sphere. Hopf [7] has shown that this space is a complex- 
analytic manifold as follows. Let ut, u? be complex coordinates in the 4- 
dimensional Euclidean space, and G the discontinuous group on #* — {(0, 0)} 
generated by the transformation w^ = ut; w?=—=2u?. Identification of 
points congruent under G gives 87 X S* plus a complex-analytic structure 
inherited from #*. A natural metric is given by 


(6) ds? == (du'du*t + du?du**)/), À == ula? L'un? 
so that 
(7) Fi = Sy / À and g” == AS, 
An easy computation then gives 
Cr nsa me bye / A, Abr FR (du? == OaE) if 20 
(8) Riper aeee CO == bf" eut) Sx. | Rijs == 2 (yà — uty) fx 
Sije os (Si = uttu ) A A}, : Tijs mees 8i3/ X. 


11. Closed forms of M. We will call any form on B which is the image 
under + of a form on M a form of M. Necessarily any such form ¢ satisfies 


(1) pe Ro]. 
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Let @ be a form satisfying (1). From section 5, œ is a sum of pure forms, 
to which we shall then restrict ourselves: | 


® == Matnlta jt O" ep wiry > > @ ožja, 


where Àù...ipj*1..j", 18 Skew in 4° : -ip and skew in j1’ : - jg. We evaluate dé: 


p 
(2) do =n LR DRE D DE: 2 Me titres, 
T= 
q we p 
— 2 DRE 8 LEUT LIEN LA js 2 Make toft au jt A F4 10 
8= f= 


q 
——e > Mdr A: T 101 ot > . œ Yiyi * = a "19, 
8=1 


If df = 0 then the term in braces must be a linear combination of os 
i.e. ==0(o*) and hence in particular the terms in braces not involving 
Ak, AF are = 0 (wt), i. e, Aq. ipis.j#, 18 à pure tensor of M: 


p q 
x 
(3) AÀi..ipj* dta — D Mat doita jei — D Maeecind tye. bt... 54 gos, 
7=1 g=1 


ER, O - ; l | #1 
a 1e dpf%21...3 q |1% + Mntoita flo . 


For any function À on B (or on M) dà splits into the unique sum d,A + dod 
where d,à. is a form in ot, œf; and dÀ is a form in “t, w*?; and (3) may be 
written 


p 
(3a) Ai iitiita =s >; Aite.. pjt jt ip 
r=1 
== Ni, * jk w? 
..åpj*1...j*a ll 
- q eK 
(3b) Bitte — D Mysectpf* teed ..cf% 0 F3, 


8=1 


= Ni. ipf*s..5%q| yew 


If db = 0, we see from Lemma 1, section 7, that ¢==ay, i.e. d is a form 
of M. Moreover since d and m are interchangeable and v is an isomorphism 
into it follows that dy = 0. If we substitute (8a) and 8b) in (2) we get 
the conditions 


p 
(4a) Nis ind *y..5% QI mis > Minute tpi tait altr 
T=1 
p m p k 
— RD Àn... tojt jt Ain F D D Attention JA ii = 0 
r=l thr 
p 
(4b) Nitecinftiedtg |! g > DEAR LEUR LIN LA EL 
8=1 


a A q 3 
— RD in je A h + 22 Mira tete je Fe == 0. 
s=1 s 


4 


Giving in summary 
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Proposition 6. If $, a pure r-form of B of type (p,q) is in Ro], 
then dọ — 0 implies ġ is a form of M, i.e. p = my, and that dy —0. The 
necessary and sufficient conditions that a form of M be closed are (4a) 
and (4b). 


12.. The forms «® and S®. We let 
(1) 0 = Aoû - * -Pyth « . > wie 


for a fixed set of distinct indices 4, : > -ip and a fixed set of distinct indices 
ji’ © "Ja and define 


(2) + == (— 1) (pair) eoa - gps 6 gy lna 

where t` °°, tp kat © +, Enp and fite eja lu’ plng form even permu- 
tations of 1,:-:,n. Then 

(3) 050 = AA Žinot - + wt + «© e n == AAFO 


where we denote the volume element by © 

(4) © == Pot + + opt: + + wo", 

We define +0 for general forms by linearity. It is worth noting that 
(5) §—(—1)%, r=p+g 


Given a pure form @ of type (p,q) we can write for +6 


(6) t (Nig. fee À - wiry. + - w*52) 
1 1 
r = $. 
== i(— 13% p)q (n — p)! (n — 9)! C1... ph. .Kn-p€ jt-- Jqlaeta-g 
Ni tpftand®§ GOO <e corp" he «+ - ina 
where ep. p, i8 zero unless pı’ : -p, form a permutation of 1,-::,n and 


then is + 1 if it is an even permutation, — 1 if it is an odd permutation. 
If we introduce the notation 


CT) Begs ctenepl*aee-l na 
i 1 


$ $ i 
ni ns aa EF en A a E P P E, S E E OR a2 
(n— p)! (n— q)! 


we have 


(8)  Anipj*r.j*a 
1 1 


Es ky . $ 
Eign. iper. Enpe Fa. Fqltln-g Ka.. Kn-pl*1...8%n-9° 


~ pl g! 
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This notation allows us to write 


(9) +0 mee (— LOM ah.. np peel ng ee? win- A w* miaa 


and thus using our computation for d, and assuming Àh...ipj*a Jta 21e COM- 
ponents of a tensor of M, i.e. 6 a form of M, we get 


(10) def = P(— LODA ht.. D TU F Hi np nalno 


n-p 
+ > Het len-pl* scl ng tam, o" 
r=1 


de 
+ D Pr tn ptet tn À mo o . eg ?-Pgy* l- s + ln-g, 
8=1 
Following this by a straightforward but long computation we compute 


50 == *d*@ to be 


(11) 60 = P (Atir..ipaj*ij*a jh* + Opty ety adie A hk 


pri 

a = Migs Becbp-aptaed* gh nn) OF 2 8 + gy tptgy di. © + gy Fie 
r=1 

+ (— 1)? q (Aig. cigh®j%1...5% Gal h + 22 TER CELONNE PET: he 
w z . à = 

4 > Ai.igh* jtn k*t Ane) 0% -e e poire + gži, 
so 


The condition that 80 — 0 is then that each term im parenthesis is zero. We 
remark that since it is clear that * commutes with z, ie. “rÿ —7#*#, and 
since we have noted that dr == rd, we have 


Proposition 7. If 0 == my, then 80 == 0 if and only if 8p=—=0. More- 
over if 0e Rl w*], then 80 == 0 is sufficient to ensure that 6 is a form of M. 


13. The interchange formulas. We consider the components in B of 
a pure tensor of M, Ai,..1,3*,...97¢,. these components being functions in B. The 
condition that these are components of a tensor in M is, according to section 7, 
Proposition 4, 


p q 
(1) CD VERTE LE 2 trie. ja tr 2 PRE COUR CEE LA 3a 
re s= 


== ETE 
which expresses the fact that the left side is = 0 (wt). Ais. jeg]a are the 


components in B of the covariant derivative of the tensor. Taking the 
exterior derivative on both sides of (1) and collecting terms we get 
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| p / 
72 (Bin ttyitae iy = Nig. vipits..3%q@k) of, cr > DERNER LNN CO LI VOLE A 
J : ° 8=1 
(2) 
Ñ à : p ; 
-à (dN. eee bd PRE PE Le LA LA ox, 2 Mk tite. hs, 
= 2 


= his + Adjt jra 0 
+ Me jaleo ot + diesel QE + Nia.. ipj” jtag QE. 
By adding terms whose sum is zero we see that (2) may be written 
? 
{— BNin.. ight. LE [t— Nay. sip... % | pot; — > Nieke. ipj?" yor, 


= Š AE R E a a JO! 
§=1 


(3) = ON EE D LA LS TT DE LE et aie Nig. RE LA | 180%, 


roi 


q4 : | 
= > Moine jt 0e, jo! 


zl 
S k g t 
bi 2 Mt doi ta ty F 2 Vineet sek jt V i 
r= = 
+ None ie el + Ainiin. je QE, 
This gives at once | 


Le : 
DORE LOUE LA | UO WO” ne CRE IL CT A 


(4) + Aie ea [UO of + ie. japo ba 
4 


z d 
= 2 Nig. hu hf ad gD, + > DORE CON CELA Une à 


ri =g 


AF Matra OE Mai. tpi dt aE. 


From this, by equating coefficients, we obtain the formulas for the inter- 
change of the order of covariant differentiation indices: 


p 
(5a) Mineral Re Aiqigi*y.. ele = D Anita jt ql bigh*l* 
r= 


q 
— À Ngecty feet. jet hie able 


g=1 
(5b) 0 PRES LUE LES {Ue — FE 27 DEEE LP. = Riot ele A 
(5e) Mois j ql UK = Aa.ipjti- j*ai kt =e OMe Apia dane À lee 


Note that (5a) is the same as in the Kahler case, i.e., the case where 
Qi—0. Of course, since covariant differentiation is a linear operation, and 
since the order of the indices was not used, these formulas may be extended 
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to any tensor, including those with contravariant indices, since it is easy to 
show that the lowering and raising of indices commutes with differentiation. 


14. Bochner’s lemmaf We now prove a slightly extended version of 
the lemma used by Bochner [2]. In the sequel the lemma will be applied 
in the same fashion as in his paper only to the more general case of a 
Hermitian metric with torsion. The presence of torsion, it will be seen, 
enormously complicates the formulas, so that only the simplest cases will be 
discussed. | 

Let & be a real-valued scalar function on M, defining then a function, 
also denoted &, on B. We have 


(1) dD = Prat + Brew**, Dye == P7 p. 
Our formula for 86 then gives 
(2) dtd = Pryt -= IPA in -+ Prrg +- Pr Atin 


where e and ©; are the second covariant derivatives of ® and satisfy 
P;js = Pjs; and Pjs == D* 545, whence 


(3) tdd = 2 (Byrne + PrA yy, + BeeAry). 

If we take + of (3) we get 

(4) deda = — i (Pree + OA an + SpA) 

where © = dot: - -w%*?- - -w** is the volume element of M. Then by 


Stokes’ Theorem, since the integral of an exact differential over a cycle 
vanishes, 


(5) | f (ine 4. AT + ByeA'yg,)@ — 0. 
From (5) we get at once 

Bocuner’s LEMMA. If une + DAY, + PreA’rn = 0 on M, then 

Dars + BA, + rh = 0. 

COROLLARY. If A”, — 0, in particular if the metric ts a Kahler metric, 
then Pre = 0 implies Prr = 0. 

15. Pure forms of type (p,0) and analytic forms. We consider a 
differential form 6 of M which is pure and of type (p, 0) 

O = Ay awit: + + wil, 


° Hereafter M is supposed compact. 
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Such forms include the analytic forms since a form is said to be analytic if it 
is pure of type (p,0) and if, when éxpressed in local coordinates uj, a*i 
of M it depends only on ut, --, u”, i.e. has analytic functions as com- 
‘ponents. Writing down the expression for the covariant derivative in local 
coordinates gives at once the 


Lemma. 0 is analytic if and only tf À.ax,lue = O. 


The conditions d6—0 and 8¢—0 simplify slightly to (1) and (2) 
respectively 


P 2 
(1a) Nigestp| ie — D Ài. tipli RD Matin Uk 
ysl gal 


p 
+ 22 lutte 4,4, = 0 
r 
(1b) Niili = O 
p-1 | 
(2) My..tp-ah|h® + RM sh À ne SR D lutin An = Í, 


r=1 


From which we can draw the immediate conclusions: 
THEOREM 1. If 6 is pure of type (p,0) and d0 == 0, then 6 is analytic. 


However the converse is not in general true as it is in the Kahler case, 
where an analytic form is necessarily harmonic in fact. In the case of non- 
vanishing torsion we cannot even conclude that a closed analytic form is 
co-closed (i.e. satisfies 50 == 0). However we do have the following theorem 
for a very special case: 


THEOREM 2. If 0 — Mot is an analytic 1-form and if, moreover, Aie 
satisfies A%;, — 0, then 80 — 0 and the form is harmonic if dd =Q. 

Proof. If @ is analytic, then using the Lemma, (2) reduces to 2,444 
which is zero by assumption. 

Let us define 6 — àA" for 8 — Mot an analytic 1-form. Then we have, 
using Are = 0, Bye = A" Mjere + A*:[zAi], and using the interchange formulas 
Bape = A* AT ye + Airie Since Ari =O we get from Bochner’s Lemma 

THEOREM 3. If A'm satisfies A*j,==0 and if the form &€*iT yj. is 
positive definite, then there exist no analytic 1-forms on M. 

We may attempt a similar analysis in the case of a pure form of type 
(p,0), as above. Define ®=A*i, 4 Aya, Then, 

Par == Ai.. ipl kka ip F A a, ipAty.ép| tte À ap] aAa. le 
eM i ip [kt at lRe 
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Assume @ closed, or analytic, so that (1b) prevails, then 
Pape = A” h.i tolres AM yap len. Ale 
Using the interchange formula, Brne = Auriane F aile. dp |e 


Again, by Bochner’s Lemma we get 


THEOREM 4. If Atm satisfies A*¥y, = 0 and if EEIT ie is positive definite, 
then there are no analytic forms on M nor are there any closed pure forms of 
type (p,0) on M. 


16. Pure forms of type (1,1). We consider next a form 9 = Ajewtw*!, 
The conditions that if be harmonic, i.e. that d8—0 and 86==0 are 
respectively 


(ia) Nip Nei aged 
(1b) pen, Vr eee) Oe 
(10) EE Cade 0 

(14) lo =0 


Again we form © = AjAij« and compute zx for the case where @ is harmonic. 
Daze == Aio leerde H A yeAye lane H Aie | RA |e + Ais [ee Age [ee 


Let y denote the first two terms of this expression, then using dô — 0, 66 = 0 
and the interchange formulas and the Bianchi identities we get: 


Y = — BA” mAy Ange — RAM gg ge À ln ie 
+ 2 (A* ine [erie dr + À ije ns T7: 477) 


+ A” edge Lenn je A” ryad Lage jn me RN axe jAi À en — Re} ge Ah 





+ AjepieRinenne — Xijenre reine. 
It is clear that ®,,» = 0 if y Z 0. In the case A”, = 0 we have 
Y = 2 (A” mr pAg dl + AB yeAnge [ne Ain) + APinedazeLT je + A ieri 
— AŽ yAn (Linenge + Rrjsine). 


In this case we can state the following weak theorem, which is of some interest 
since in the Kähler case &ju*w*? is a harmonic forms and Sy}, = 0. 


THEOREM 5. If A = 0 and 
AF erdi Te TE A Anj Tire — A*eyeAnne (Binaxgo + Rrjeine) 


is positive then there are no pure constant harmonic form of type (1,1). 
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17. On the non-existence of a harmonic vector field. We consider a 
differential form of order 1, which we assume self-adjoint and harmonic 
8 = Mot + Ajow*?, AF; == Nye, dO == 0 == 60. 


Any real harmonic vector field on M would give rise to such a form and 
conversely. The conditions dð == 0 and 80.== 0 give respectively 


(1a) | Mije — Ants = 2A din 

(1b) Miles — nie = 0 

(1c) Nee fee — Ane jis = LA je A 

(2) Anjae + Ang + Are je + Arrr = 0. 


We let D = À" = Aird, 
Page == djed + AsAgpene Ase eAg ee ++ Ae lrede 


Let # denote the first two terms on the right. Then using d8 — 0 and the 
interchange formulas we get 


y= Arjens + Arp MA e + Mgr 
+ NeAnLeunrine + RAA jrs Aix + RAA ire. 


If we assume A”, — 0 we get, using further d@ == 0, 80 == 0 and the Bianchi 
identities 
y aig RAr|reMA4 ir + RMA; | eA lax 1. IAAT ize. 


THEOREM 6.. If A", — 0 and EEST ip» is positive definite, then there 
are no constant harmonic vector fields on M. 


None of the theorems so far stated involves Fiye == Rypeyy ; they use Tije 
which as we have seen in section 10 need not equal Rys. Suppose Rij to be 
positive definite, then Rye defines a metric tensor on M. It is Hermitian 
by section 8 (4) and the form Riyj-wtw*) == OF, That this form is closed and 
hence the metric Kahler was noticed by E. Emry of Zürich in an unpublished 
thesis. It follows at once from section 8 (6). Thus in this case stronger 
results known for Kahler manifolds follow. 
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SUR LES MODULES DE REPRÉSENTATION DES ALGÈBRES DE 
LIE RÉSOLUBLES.* | 


par J. L. Koszun.* 


1. L’effacement des classes de cohomologie. Soit g une algèbre de Lie 
sur un corps k et soient M et N deux modules de représentation de g (on dira 
également deux g-modules). ‘Tout homomorphisme ¢: M —>N définit une 
application linéaire ¢’ de l’espace H*(g, M) des classes de cohomologie de g 
à valeurs dans M dans l’espace H*(g, N) des classes de cohomologie à valeurs 
dans N° 


Définition. Soit M un g-module de dimension finie sur k. Une. classe 
de cohomologie ce H*(g, M) sera dite effaçable si il existe un g-module N 
de dimension finie sur k et un isomorphisme p: M — WN tel que #-c— 0. 


Ce travail tend essentiellement à déterminer les classes effaçables et à 
étudier certains modules de représentation en rapport avec cette détermination. 


1) Une classe de cohomologie de degré 0 non nulle west jamais effaçable. 
En effet, une classe ce H°(g, M) est un invariant du module M et son image 
par ¢’ est l’invariant ¢-c du module N. 


2) Toute classe de cohomologie de degré 1 est effacable. En effet, une 
classe ce H1(g,M) définit une classe d’extension de M par le g-module 
trivial k. On vérifie immédiatement qu’en prenant pour N une de ces exten- 
sions et pour œ l’isomorphisme identique de M dans N, on a c= 0. 


3) Toute classe de cohomologie de degré 2 est effacable. C’est là un 
résultat profond, du à Iwasawa, qui exprime en termes de cohomologie l’exis- 


* Received November 4, 1953, 

* Les résultats de cet article ont fait l'objet d’une note “ Sur les représentations des 
algèbres de Lie résolubles,’ Comptes Rendus, 236 (1953), pp. 2371-2372. Il ma été 
signalé que le Théorème I du présent travail figure dans la thèse de G. F. Leger 
(University of Illinois, 1951} avec une démonstration se rattachant au travail de G. 
Hochschild, “ Lie algebras and differentiations in rings of power series,” American 
Journal of Mathematics, 62 (1950), pp. 58-80. 

* Pour les définitions et propriétés fondamentales de la cohomologie des algébres de 
Lie, ef. [1] et [2]. 
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tence d’une “splitting algebra” pour toute extension abélienne d’algébre 
de Lie.’ | 


4) Pour qu'une algèbre de Lie g sur un corps k de caractéristique 0 
soit semi-simple, il faut et il suffit que, quel que soit le g-module M de dimen- 
sion finie sur k, H*(g, M) ne contienne pas de classe effacable non nulle. 
En effet, si g est semi-simple, pour tout isomorphisme ¢ de M dans un g-module 
N de dimension finie, il existe un homomorphisme y de N sur M tel que wd 
soit l'identité de M. Il en résulte que ¢’ est un isomorphisme. Inversement, 
si pour tout g-module M de dimension finie H1(g, M) ne contient pas de classe 
effaçable autre que 0, ceci signifie d’après 2) que H*(g, M) = (0), donc que 
tous les g-modules de dimension finie sont complèment réductibles. 


5) Soit g une algèbre de Lie sur un corps k de caractéristique 0. Si 
les classes de cohomologie de degré 3 de g à valeurs dans k sont effacables, 
alors g est résoluble. Soit en effet g = b -+ r une décomposition de Levi de g 
(r étant le radical de g et b une sous-algèbre semi-simple supplémentaire de r 
dans g). Tout g-module L peut être considéré comme b-module et il existe 
un homomorphisme canonique du complexe des cochaines de g à valeurs dans 
L sur le complexe des cochaînes de b à valeurs dans L. Cet homomorphisme 
définit pour tout entier p = 0 une application pr de H? (g, L) sur H?(b, L).* 
Si b Æ (0), alors H*(b, k) Æ (0) et il existe donc une classe ce H*(g, k) telle 
que p,'c5£0. Si il existe un isomorphisme œ de k dans un g-module N qui 
réalise l'effacement de c, cet isomorphisme étant compatible avec les struc- 
tures de 6-modules va définir une application ¢’,: H%(b,k) > HS(b,N) qui 
vérifie la relation vpr = pwd’. Par conséquent, px' c serait une classe effaçable 
non nulle de H*(6,%), contrairement à 4). On a donc b = (0) et g est 
résoluble. 


Le Théorème suivant est l’un des principaux résultats que l’on a en vue: 


THEOREME I. St g est une algèbre de Ine résoluble sur un corps de 
caractéristique 0, alors, quel que soit le g-module M de dimension finie, toutes 
les classes de H” (g, M) sont effagables pour p > 0. 


Sa démonstration sera donnée à la fin du paragraphe 8. Compte tenu de 
5), on voit que lon obtiendra une manière de caractériser les algèbres de Lie 
résolubles par les propriétés d’effacement de leurs modules de représentation. 


3 Cf. [3]. 
*Ceci résulte de l’existence d’un homomorphisme de g sur b inverse à gauche de 
l’isomorphisme b -> g. 
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2. Le module VY (g) et son interprétation. Soit A une algèbre asso- 
ciative avec unité de dimension infinie sur un corps k. Etant donné un 
module à gauche M sur A, on dira qu’un élément de Mf est de caractère fini 
si le sous-module qu’il engendre est de dimension finie sur°#. Pour que u s M 
soit de caractère fini, il faut et il suffit que son annulateur (idéal à gauche 
des ae À tels que au — 0) soit de codimension finie dans À. Il revient au 
même de dire que son annulateur contient un idéal bilatère de codimension 
finie. Les éléments de caractère fini de M constituent un sous-module. Si h 
est un homomorphisme de M dans un A-module à gauche N, l’image par À 
d’un élément de caractère fini est un élément de caractère fini de W. On 
définit de manière analogue les éléments de caractère fini pour un module à 
droite sur A. 

Soit H(g) VPalgébre enveloppante de l’algèbre de Lie g. Les g-modules 
ne sont autres que les modules unitaires à gauche sur l’algèbre associative 
H(g). Pour tout g-module M, on définit une structure canonique de g-module 
dans lespace 2(#(g), M) des applications k-linéaires de F(g) dans M en 
posant (2f)°e—f"(ex) pour fe(E(g), M), eeE(g) et weg. Diso- 
morphisme dar: M — R(E(g), M) défini par (py'a)*e—ea pour az M et 
ee E(g) est alors compatible avec les structures de g-modules. On démontre 
que, pour tout g-module M et tout entier p > 0, HP(g, 2(H(g), M) = (0). 
Toute classe de cohomologie dans H? (g, M) est done annulée par px lorsque 
p> 0. On observera que, pour M Æ (0), R(E(g), M) est de dimension infinie 
sur k, si bien que y ne réalise pas l’effacement des classes de H?(g, M). 
On va cependant voir que cet isomorphisme &x est utile dans le problème que 
Pon a en vue. 

Notons L;(Æ(g),M) le sous-module des éléments de caractère fini du 
g-module &(E (g), M) considéré comme module à gauche sur Æ(g); c’est le 
g-module des applications k-linéaires de Æ(g) dans M qui sont nulles sur un 
idéal bilatère de codimension finie dans #(g). Si M est de dimension finie 
sur k, on à by M CR;(E(g), M). On notera encore #1 l’application des 
espaces de cohomologie associée à Visomorphisme ar: M —> Q,(E(g), M). 


THEOREME 2. Quel que soit le g-module de dimension finie M, les classes 
effaçables de H*(g, M) sont les zéros de l'application 


Pat H*(g,M) > H*(g, R;(E (g), M)). 


* Ce résultat est lié au suivant: il existe un complexe acyclique pour les degrés 0 
et muni d’une structure de module libre sur Æ(g) tel que, pour tout g-module M, 
Homzç (0, M) soit le complexe des cochaînes de g à valeurs dans M. On en déduit 
que le complexe Hom,4, (0, (#(g),M)) qui s’identifie au complexe des applications 
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Supposons en effet qu’une classe ce H?(g, M) soit un zéro de d'u. 
Soit f un cocycle de g à valeurs dans M appartenant à la classe c. Le cocycle 
ou f de g à valeurs dans &(FE (g), M) est un cobord, donc de la forme dg 
où g est une cochaîne de degré p — 1 de g à valeurs dans &(H(g), M). Soit 
N le sous-module de &,(#(g), M) engendré par les valeurs de g et l’image 
de dy. Etant engendrable par un nombre fini éléments de caractère fini, 
N est de dimension finie sur 4. L’isomorphisme by: M — N réalise visible- 
ment l'effacement de e. 

Supposons inversement que c soit une classe effaçable de H*(g, M) et 
que y soit un isomorphisme de Mf dans un g-module N qui en réalise Pefface- 
ment, Soit p une application k-linéaire de N sur M telle que py soit identité 
de M. Les applications y et p définissent des homomorphismes de g-modules 
Ye: %(B(g), MY > &(B(g), N) et per S(E(g),N) OS (E(g),M) tels 
que pe soit l’identité de Q;(Æ#(g), M). Par suite We est un isomorphisme 
de H*(g, (E(g),M)) dans H*(g,R;(E(g), N)). On a autre part 
Webu = puy, par suite Wed’ e= pad c=—0 et parc == 0. 

On est ainsi conduit à étudier la cohomologie de g à valeurs dans le g- 
module Q,(Æ(g), M). Celle ci se ramène à la cohomologie de g à valeurs 
dans L;(Æ(g),k) muni de la structure canonique de g-module. En effet, 
M étant supposé de dimension finie sur k, on a un isomorphisme naturel du 
produit tensoriel (sur k) Q(Z(g),k) Q M sur LR(E(g), M), qui est com- 
patible avec les structures de g-modules si dans le produit tensoriel on définit 
u(f@u)=af®u pour seg, feL(E(g),k) et we M. Cet isomorphisme 
applique done L; (E (g), k) @ M sur 2,(4(g), M) et il existe un isomorphisme 
naturel de H?(g,&,(L(g),%)) © M sur H?(g,R;(E(g),M)) pour tout p. 
Le module 2;(4 (9g), k) sera noté V(g). 

Soit A(g) Vidéal bilatère de l’algèbre enveloppante de g qui est engendré 
par les éléments de g.” Sa codimension est 1 et tous les idéaux A(g)” (r entier 
> 0) sont de codimension finie. Etant donné un g-module M, les éléments 
de Jf dont l’annulateur contient un idéal de la forme A(g)* seront appelés 
des éléments de caractère nilpotent de M. Pour qu’un élément u de M soit 
de caractère nilpotent, il faut et il suffit qu’il soit de caractère fini et que la 
représentation de g dans M induise dans le sous-module Æ(g)u une représen- 


k-linéaires de C dans M est acyclique pour les degrés 0. Les démonstrations de ces 
résultats, qui ne seront pas utilisés ici, figureront dans le livre de H. Cartan et S. 
Eilenberg (Princeton Mathematical Series). 

s Une cochaine de g à valeurs dans M étant une application multilinéaire alternée 
de g dans M, ses valeurs constituent un sous-espace de dimension finie dans M. 

TOn identifiera toujours une algèbre de Lie avec le sous-espace de son algèbre 
enveloppante qui lui correspond. 
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tation par des endomorphismes nilpotents. On aura accessoirement 4 utiliser 
le sous-module des éléments de caractère nilpotent de R(£(g),k). Il sera 
noté W(g); c’est le module des fonctions k-linéaires sur #(g) nulles sur un 
idéal de la forme A(g)’. 

On donnera dans ce qui suit une interprétation des cochaines de g à 
valeurs dans les modules V(g) et W(g) lorsque g est Palgébre de Lie d’un 
groupe de Lie G, le corps de base étant alors le corps des réels R. D’une 
manière précise, on supposera g identifiée à l’algèbre de Lie des champs de 
vecteurs invariants par les translations à droite sur G. Soit L Palgébre des 
fonctions différentiables de classe infinie à valeurs réelles sur G. Soit 4(x) 
la transformation infinitésimale du groupe des translations à gauche associée 
au champ +. En possant 7 —6(2)-F pour tout veg et Fe L, on définit 
dans L une structure de module à gauche sur #(g). Soit 2 le champ de 
vecteurs invariant à gauche qui coincide avec + au point neutre e de G et soit 
(x) la transformation infinitésimale du groupe des translations à droite qui 
correspond à a’. On a 6(2’)6(y’) —6(y’)6(2’) = —6([x, y]’) et par suite, 
on définit dans L une structure de module à droite sur H(g) par la condition 
Fa = 6(2’):F pour seg et Fe L. On observera que (eF)e’ — e(Fe’) quels 
que soient e,e’eli(g), Fe L et que d’autre part, les fonctions sF et Fx ont 
même valeur au point e. 

Pour tout Fe L, on notera À°F la fonction #-linéaire définie sur Æ(g) 
par (X-F): e= (ef)(e). On a (A (al"))-¢ = (exF)(e) = (àF) (es). 
L'application A: L—>&(E(g), R) est done compatible avec les structures de 
module à gauche sur E(g). On définit dans &(E (g), R) une structure de 
module à droite sur #(g) commutant avec la structure à gauche envisagée 
jusqu’ici en posant (he)-e’=h-(ee’) quels que soient he R(E(g),R), 
ee’ B(g). On a (A+ (Pr))+e= (e(Fx)) (e) = ((eF)æ) (€) = (weF) (e) 
= (A: F)-xe; par suite, Vapplication À est également compatible avec les 
structures de modules à droite sur #(g). Le noyau de A est l’idéal des fonc- 
tions qui sont nulles ainsi que toutes leurs dérivées au point e. 

Soit L C L la sous-algébre des fonctions sur @ dont les translatées à 
gauche (ou, ce qui revient au même, les translatées à droite) sont dans un 
espace vectoriel de dimension finie sur R. Ces fonctions étant analytiques et 
de caractère fini pour la structure de module à gauche sur Æ(g) définie dans 
L, À applique isomorphiquement L; dans V(g). Soit Ly C Ly la sous-algébre 
des éléments de Ly qui sont de caractère nilpotent pour la structure de module 
à gauche sur H#(g), ou, ce qui revient au même, dont l’image par À est dans 
W(g). Il est clair que W(g) est également le sous-module des éléments de 
S(E(g),R) qui sont de caractère nilpotent pour la structure de module à 
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droite sur E(g). Les éléments de L, peuvent donc aussi se définir comme 
étant les éléments de L; qui sont de caractère nilpotent pour la structure de 
module à droite sur E (g). 

Supposons maintenant G simplement connexe. Tout élément he V(g) 
engendre un sous-module #(g)h C V(g) de dimension finie sur Æ. Puisque 
G est simplement connexe, à la représentation linéaire de g dans Æ(g)h qui 
correspond à la structure de module à gauche sur #(g) est associée une repré- 
sentation linéaire s— r(s) du groupe G dans lespace vectoriel #(g)h.8 La 
fonction F(s) définie sur G par F(s) = (r(s)-h)-J, où I désigne l’unité de 
i(g), est un élément de L; dont l’image par À est précisément h. Dans ce 
cas donc, À applique isomorphiquement Ly sur V(g) et La sur W(g). 


THEOREME 3. Soit g Palgébre de Lie d’un groupe simplement connexe G. 
Le complexe des cochaines de g à valeurs dans V(g) est canoniquement iso- 
morphe au complexe des formes différentielles sur G dont les translatées sont 
dans un espace vectoriel de dimension finie. Dans cet isomorphisme, les 
cochaines de g à valeurs dans W(g) correspondent aux formes différentielles 
sur G dont les translatées sont dans un espace vectoriel de dimension finie où 
les transformations infinitésimales du groupe des translations à droite sont 
milpotentes. 


Soit (C1, Cr, - ° Cp) une fonction Z-linéaire alternée, à valeurs dans 
L, de » champs de vecteurs de classe infinie sur G, autrement dit, une forme 
differentielle de degré p sur G. Si les translatées à droite (ou ce qui revient 
au même, à gauche) de cette forme sont dans un espace vectoriel de dimension 
finie, alors, pour des C, invariants à droite, w(C:, C2,° © *, Cp) sera dans Dy. 
Par restriction des formes aux champs invariants à droite, c’est à dire à g, 
on définit donc une application linéaire canonique A, de l’espace des formes 
différentielles dont les translatées sont dans un espace de dimenéion finie dans 
lespace des cochaînes de g à valeurs dans Ly qui s'identifie à V(g) par Piso- 
morphisme A. Le module des champs de vecteurs sur G étant un Z-module 
libre admettant pour base une base de g sur R, À, est un isomorphisme sur. 
D'autre part, la différentielle d’une forme w(C,, C2, ° * +, Op) peut s’exprimer 
par la formule | 


(d+) (C1, Cas: - Cpa) =à (— 1) 480 (DC; Ci]: Os: a) 
ae > (— 1) 00) + (Cy, Co, * * On Cpa) 
où 6(C;) est la transformation infinitésimale correspondant au champ Ci 


8 Cf. Chevalley, “ Theory of Lie Groups,” Princeton, p. 113. 
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Comme cette formule est aussi celle qui donne le cobord d’une cochaine de g, 
Visomorphisme À. est compatible avec ‘les structures de complexes. Il fait 
correspondre aux formes qui sont de caractère nilpotent vis à vis des trans- 
formations infinitésimales du groupe des translations à droite ° les cochaines 
de g à valeurs dans W (g). 


3. Remarques préliminaires. Jnvariants des modules V(g) et W(g). 
Pour qu’une fonction k-linéaire f sur #(g) soit un invariant du g-module 
Q(E(g), k), il faut et il suffit qu’elle soit nulle sur Vidéal A(g) C E(g) 
Soit B Phomomorphisme de Valgébre H(g) sur k ayant pour noyau A(g). 
En associant à tout ce k la fonction e — c(B°e) de E(g) dans k, on obtient 
un isomorphisme de k sur le sous-module des invariants de R(Æ(g),k) qui 
est contenu dans W(g) C V(g). Il lui correspond des applications naturelles 
H*(g,k) > H*(g, W(g)) ~H*(g,V(g)). Pour le degré 0, ce sont des 
isomorphismes de k — H? (g, k) sur H°(g, W(g)) et sur H°(g, V(g)}.1° 

Cas d’un produit direct d’algèbres de Lie. Soient g, et ga deux algébres 
de Lie sur un corps k. On identifiera l’algèbre Æ(g: X ge) au produit 
tensoriel (sur k) H(g,) @ E(g:) au moyen de l’isomorphisme qui prolonge 
application (2,y)—x@I1+I1@y de g: X gz dans H(g:) Q E(g2) (les 
unités de H(gi) et H(g2) étant notées I). Soit x l’isomorphisme de 
(LE (g:),k) OR(E(g:),k) dans Q(E (gı X g2), k) qui associe à f, Q f- la 
fonction e, @ e> — (f1'e1) (fe°e2) pour me H(g,) et ee E(g2). Les espaces 
L(E (g1), k) et &(E (g2), k) étant des modules à gauche sur H(gi) et E(g2) 
respectivement, leur produit tensoriel est muni d’une structure de module à 
gauche sur Æ(g:) © Æ(g2). L’isomorphisme + est un homomorphisme de 
modules à gauche sur #(g,) © #(g.) et applique done V(g:) @V(g2) dans 
V(g1 X g2). Quoique l’image de r ne soit qu’un sous-module de QE(g: X g2), k), 
on vérifie que m: (V(g1) © V(g2)) = V(g:1 X ge). Cet isomorphisme r définit 
done un isomorphisme canonique du produit tensoriel du complexe des co- 
. Chaînes de g, à valeurs dans V(g:) et du complexe des cochaînes de g, à 
valeurs dans V (g) sur le complexe des cochaînes de g, X gz à valeurs dans 
Vig. X g2). On en déduit le 


° En général, l'algèbre des formes de caractère nilpotent vis à vis des translations 
à droite est distincte de celle des formes de caractère nilpotent vis à vis des translations 
à gauche, La structure multiplicative dans V(g) et W(g) qui résulte de l’isomorphisme 
À pourrait se définir algébriquement dans le cas général en prenant Vapplication trans- 
posée de l’isomorphisme diagonal de Æ(g) dans E(g) @ E(g). 

1° Si g est une algèbre semi-simple sur un corps de caractéristique 0, l’isomorphisme 
de k dans W(g) C V(g) induit un isomorphisme de H?(g,k) sur H®(g,V(g)) et 
H” (g, W(g)) pour tout entier p. 


5 
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LEMME 1. Si g, et ge sont des algébres de Lie sur un même corps k 
il existe un isomorphisme canonique du produit tensoriel (sur k) 


H*(g,, V(g1)) @H* (ga, V(g2)) sur H* (g1 X ge, V(g1 X 92)). 


4. Cas des algébres de Lie abéliennes. 


THEOREME 4. Si g est une algèbre de Ine abélienne, alors H®(g, W(g)) 
== H?(g,V(g)) == (0) pour tout entier p > 0. 


Soit (a) (1—1,2,: - :n) une base de g et soit (2’;) la base duale 
dans le dual de g. L’espace W(g) s'identifie à l’algèbre des polynômes en 
les z’, la structure de g-module dans W (g) étant celle qui associe à chaque z; 
la dérivation par rapport à 2; dans W(g). On sait que, dans ces conditions, 
H?(g, W(g)) = (0) pour tout p > 0. Pour démontrer le second résultat, 
il suffit, en vertu du Lemme 1, de létablir dans le cas où g est de dimension 1 
sur k, auquel cas l’énoncé se ramène à H? (g, V(g)) = (0). 

Soit f(z) un coéycle de degré 1 de g à valeurs dans V(g) et soit u un 
élément non nul de g. Puisque f(u) £ V(g), c’est une fonction linéaire sur 
l'algèbre L(g) des polynômes en u qui est nulle sur un idéal de codimension 
finie, donc sur un idéal engendré par un polynôme P(u) 540. Soit h la 
fonction linéaire sur Æ(g) définie par h°1—0 et h-uP=f(u)-uP? pour 
p > 0. Elle est nulle sur l’idéal engendré par uP (u). (C’est done un élément 
de V(g) ou encore, une cochaîne de degré 0 de g à valeurs dans V(g). Son 
cobord dh est un cocycle de degré 1 associant à tout s == cu une fonction 
(dh) (x) sur Æ(g). On a ((dh)(x)) - uP? == (ch) w? = h' (Wr) = of (u)-uP 
== f(x) +u”. Par conséquent, dh — f, ce qui achève la démonstration. 

On donnera dans ce qui suit une généralisation du Théorème 4 qui sera 
utilisée aux paragraphes 7 et 8. 

Soient g une algèbre de Lie quelconque et M un g-module. On notera 
dar Vapplication linéaire f — f-1 de 2(#(g), M) sur M, I désignant Punité 
de Æ(g). On définit deux représentations linéaires æ — pı (©) et æ — p:(x) 
de g dans l’espace Q(E(g), M) en posant 


(1x) fh'e—c(fe) +f (ew),  — (p2(%) *f) -e =f (ex) 


quels que soient fe Q(F(g), M), ee H(g) et seg. La seconde représen- 
tation est celle qui correspond à la structure de g-module envisagée au 
paragraphe 1. Ces représentations se prolongent en des homomorphismes 
e —> pı (e) et e — p2(e) de l’algèbre #(g) dans Valgébre des endomorphismes 


11 Le raisonnement classique, par récurrence sur l’entier n, sera généralisé dans le 
Théorème 6. 
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de l’espace R(Æ(g), M). On va montrer que ces représentations sont équi- 
valentes. | 


LEMME 2. T existe un automorphisme 8 et un seul de l’espace Q(E(g), M) 
tel que 


1°  6p1(T) = p:(T)0 pour tout weg, 
2 Auh == Qy. 


Un endomorphisme 6 de Vespace Q(E (g), M) vérifiant ces conditions 
est nécessairement donné par 


(0-F) e = (O-f)- (Le) = (pa (6)0:f) T = (Ops (e) PT = (pr (e) *f) I 
lorsque ee E(g) et fe QE g}, M). Réciproquement,, Pendomorphisme @ 
défini par (0-f)-e== (pi(e)-f)-J vérifie les conditions du. Lemme. Il reste | 
à démontrer que 6 possède un inverse. Soit » l’isomorphisme de l’algèbre 
E(g)dans Palgèbre #(g) © E(g) qui est défini par les conditions n°1 =1@I 
et prz =£ QI -I Qg pour tout eg? On notera e—> & l’automorphisme 
involutif de l’espace Æ(g) qui conserve l’unité et transforme tout monôme 
Tı 22° ` `p (Geg) en le monôme (—1)?a,%,,°- +. Soit y Pendo- 
morphisme de lespace Q(E (g), M) défini par (#-fl'e == 2 é:(f-e’:) lorsque 


fe Q(B(g), M) et pe= De @e,. Ona p (er) =D (ee) @e,+ Be, (ei). 
f 4 4 a 


Comme et == — zë; il en résulte que, pour tout veg, on a pı (£)y = yp: (T). 
D’autre part, «yy == a et par suite ayyb — Quby = ay. Siveg et ec k(g), 
on a done 


(yd-f)- (e2) = (pxta)6 f) -e — a ((08-f) 6) = (YOps(a) F) re — a ( (yf) re). 


Il en résulte que l’ensemble des éléments e e F(g) tels que (¥6-f)-e == f'e pour 
tout fe QE (g), M) constitue un idéal à droite de #(g). Puisqu’il contient J, 
c’est donc que yê est l’identité. La relation ps(x)Oy = yp (x) montre 
d’autre part que 84 est l'identité. Par suite y est l’inverse de 4. 


LEMME 8. Le sous-espace des invariants de R(E (g), M) pour la repré- 
sentation p, est appliqué isomorphiquement sur M par l'application ay. 


Soit en effet f un invariant de Q(Æ{g). M) pour la représentation p;; 
6-f est un invariant de R(Æ(g), M) pour la représentation p C’est donc 
une fonction linéaire de #(g) dans M nulle sur Vidéal A(g). Si za'f = 0, 
alors (9-f) -I= a30-f = ay: f = 0 et par suite 6-f == 0, donc f = 0. D'autre 
part, quel que soit «e M, il existe une fonction fe @(H(g), M) et une seule 


Cf. (7). 
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telle que f-l =a et f:A(g) == (0). Cette fonction est un invariant de 


L(H#(g), M) pour la représentation pe Par suite 6-*-f est un invariant de 
Q(E(g), M) pour la représentation p, et Pon a ayb: f = ay f =a. 


LEMME 4. Si g est abélienne et si M est de dimension fime, l’espace 
Vig) OM identifié à un sous-espace de RE (g), M) est stable par 6 et 6. 
L'application ay induit un isomorphisme de l'espace des invarianis de 
Vig) © M pour la représentation p, sur l’espace M. Si de plus la repré- 
sentation de g dans M est une représentation par endomorphismes nilpotents, 
ces résultats subsistent en remplaçant V(g) par W(q). 


Désignons par (pı), (pe) et (ps) les trois structures de g-modules définies 
dans L=&(E(g), M) par les représentations æ— p;(x), æ—p(x) et 
gz — pat) = p (£) — p(x). Si g est abélienne, les endomorphismes p: (x), 
p(y) et ps(2) commutent entre eux quels que solent %,y,2eg. T en résulte 
que, si un élément de L est de caractère fini pour deux de ces structures, il 
Pest également pour la troisième. Si M est de dimension finie, tout élément 
de L est de caractère fini pour (pz) et les éléments de caractère fini pour 
(p:) sont donc aussi les éléments de caractère fini pour (pz). Puisque 
pı (£) = p(x) pour tout weg, le sous-espace V(g) © MM qui est le sous- 
espace des éléments de caractère fini pour (pe) ou (pi) est done stable 
par 6. De même, la relation -pa (£) == p,(æ)0"1 montre qu’il est stable par 
81. Tout élément de Z invariant pour (p.) étant de caractère fini pour cette 
structure est done dans V(g) @ M. La seconde partie de lénoncé résulte 
ainsi du Lemme 3. Dans le cas où la représentation de g dans M est une 
représentation par endomorphismes nilpotents, on obtiendra des résultats 
analogues pour W(g) @ M en remarquant que les éléments de Z sont tous 
de caractère nilpotent pour la structure (ps) et que les invariants de L pour 
la structure (pı) sont de caractère nilpotent pour cette structure. 

On utilisera dans la suite la situation suivante: b est un idéal de l’algèbre 
de Lie g sur k; U est un g-module arbitraire; À est un homomorphisme de U, 
considéré comme b-module, dans un b-module X. En composant l’homomor- 
phisme canonique du complexe C(g, U) des cochaines de g à valeurs dans U dans 
le complexe C(b, U) des cochaînes de b à valeurs dans U avec l’homomorphisme 
de C(b,U) dans C(b,X) qui prolonge À, on obtient un homomorphisme 
o:0(g, U) — C(b, X) induisant une application o*: H*(g, U) — H*(b, X). 
On utilisera dans H*(b, U) la structure de g/b-module défini comme suit. 
Dans le complexe C(b, U), on définit une structure de g-module en posant 


(cf )(Y15 Yar’ Vo) = TT (V1 Yor? ` w) — Bhs: [a gl," y) 
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pour f de degré p dans C(b,U), weg et Yu Yz’ : °yneb. Comme 
o(d: f) = d: (xf) pour tout fe C(b, U) et xe g, cette structure se retrouve dans 
H*(6, U) où elle induit une structure de g/b-module car ve == 0 pour tout 
ce H*(b, U) lorsque zeb. | 


Lemme 5. Pour que o* soit un isomorphisme de H*(g, U) sur H*(b, X), 
il suffit que les conditions suivantes soient vérifiées : 


1° Hi(g/b, H*(6,U})) = (0) pour tout j > 0, 


2° l'application X : H*(b, U) —> H* (b, X ) applique isomorphiquement 
le sous-espace des invariants du g/b-module H*(b,U) sur H*(b-X). 


Ce Lemme est une conséquence des résultats sur les suites spectrales 
relatives à un idéal établis par Hochschild et Serre. Soit AJ le sous-com- 
plexe de C(g,U) dont les éléments de degré p sont les cochaînes de g à 
valeurs dans U qui sont nulles lorsque p — 7 + 1 variables au moins sont 
dans b. A la filtration de C(g, U) par les A/ est associée une suite spectrale 
E, (s =0,1,2,-~ :). D’après le Théorème 4 de [2], il existe pour tout 
entier 7 = 0 un isomorphisme canonique de Vespace #7, des éléments de Æ.» 
ayant 7 pour degré de filtration sur l’espace H’(g/b, H*(b, U)), la structure 
de g/b-module de H* (b, U) étant celle qui a été décrite plus haut. Le sous- 
complexe A? est le noyau de l’homomorphisme O(g, U) C(b, U). Cet 
homomorphisme induit done une application de #, dans H*(b, U) qui, com- 
posée avec À’, donne une application canonique 0*:: #, > H*(b,X). Cette 
application est nulle sur Æj, pour j > 0. On vérifie d’autre part que, après 
identification de 4°, à H° (g/b, H*(6, U)), c’est à dire à l’espace des invariants 
du g/b-module H* (b, U), o*, coincide sur F°, avec la restriction de 4’. Les 
hypothèses du Lemme signifient donc que o*, applique isomorphiquement F.» 
sur H*(b,X). Ceci entraîne que o* applique isomorphiquement H*(g, U) 
sur H*(b,X) d’après un résultat bien connu de la technique des suites 
spectrales. 

On particularisera les hypothéses de ce Lemme sous deux formes. Pour 
commencer, on supposera U == V(g/b), X =k et À sera l’homomorphisme 
canonique «: V(g/b) — k (les structures de b-modules étant celles qui corres- 
pondent aux représentations nulles). On notera dans ce cas o, l’homomor- 
phisme de C(g, V(g/b)) dans C(b, k). On envisagera également le cas où 
U = W(g/b), X = k, À étant alors la restriction de a à W(g/b). Il conduit 
à un homomorphisme o,:C(g, W(g/b)) > C(b, k). 


13 Cf. [2], paragraphes 2 et 3. 
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THÉORÈME 5. Si b est un idéal de Valgébre de Lre g sur k tel que g/b 
soit abélienne, alors o*, est un isomorphisme de H*(g, V(g/b)) sur H* (b, k). 
Si de plus g est une algèbre de Lie mlpotente, alors o¥*w est un isomorphisme 
de H*(g,W(g/b)) sur H* (b, k). 


Puisque la représentation de b dans V (g/b) est la représentation nulle, le 
g/b-module H* (b, V (g/b) ) s'identifie au produit tensoriel V (g/b) © H*(b, k) 
et l'application à’: H*(b, V(g/b)) — H*(b, k) devient Vapplication v @ a 
— (a-v)a pour ve V (g/b) et as H*(b,k). Puisque g/b est abélienne et 
que H*(b, k) est de dimension finie, la condition 2° du Lemme 5 est donc 
vérifiée en vertu du Lemme 4. Il résulte également du Lemme 4 que les 
représentations de g/b dans V (g/b) @ H*(b, k) définies par p1(t) (v8 a) 
= 0 Qa + v@xra et plr) (wa) — xv Qa sont équivalentes. Si Pon 
calcule Hi (g/b, V (g/b) @ H*(b,k)) en prenant dans V (g/b) © H* (b, k) la 
représentation p,, comme on doit le faire dans la condition 1° du Lemme 5) 
on obtiendra donc un espace isomorphe à celui qu’on obtiendrait en pre- 
nant la représentation p» Pour cette dernière, on a un isomorphisme de 
Hi(g/b, V(g/b) © H*(b,k)) sur Hi(g/b, V(g/b)) @ H*(b,k) pour tout 
entier 7= 0. Or g/b est abélienne, done Hi(g/b, V(g/b)) = (0) pour tout 
7 > 0 (Théorème 3). La condition 1° du Lemme 5 est done également 
vérifiée, ce qui prouve l’assertion sur o*,. Lorsque de plus g est nilpotente, 
la représentation de g/b dans H*(b,%) est une représentation par endo- 
morphismes nilpotents et les Lemmes 4 et 5 permettent de démontrer de la 
même manière l’assertion sur o*,. 


5. Filtrations des algébres enveloppantes. Soit g une algèbre de Lie 
sur i et soit b une sous-algèbre de g. L’isomorphisme b — g se prolonge en 
un isomorphisme de Æ(b) sur la sous-algèbre de Æ(g) engendrée par l’unité 
I et les éléments de b C g. On va dans les paragraphes suivants identifier 
E(b) avec cette sous-algèbre de Æ(g). L’inclusion #(b) C #(g) définit 
dans H(g) une structure de module à gauche sur Æ(b). Il résulte du 
Théorème de Poincaré-Birkhoff** que si 4,%,- © -æ, est une base d’un 
supplémentaire de b dans g, les monômes de la forme 2,71%,P2- - -EPa où les 
pi sont des entiers = 0, constituent une base de f(g) sur E(b). 

On suppose désormais que b est un idéal de g. Soit A Vidéal bilatère 
de #(b) engendré par b et soit N le noyau de l’homomorphisme canonique 
de f(g) sur E(g/b). On peut encore définir N comme l'idéal à gauche (on 


14 Cf. G. Birkhoff, “ Representability of Lie algebras and Lie groups by matrices,” 
Annals of Mathematics, 38 (1937), pp. 526-532. 
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à droite) engendré par b dans E(g)., On a donc N = E (g) A = AE (g) et, 
plus généralement, N? — E (g) A? = APE (g) pour tout entier p > 0. On 
posera A? = E (b) et N° = E (g). 


LEMME 6. Etant donnée une base de E(g) considéré comme module à 
gauche sur l(b), pour qu'un élément de E(g) soit dans N?, il faut et a 
suffit qu’il soit combinaison linéaire à coefficients dans A? des éléments de base. 


La condition est suffisante car A? C Nr. Elle est nécessaire car, si 
ce Na = AE (g), on peut écrire c = È ae avec ae À? et ae H(g). En 
4 


exprimant chaque e; comme combinaison linéaire à coefficients dans Ẹ(b) 
des éléments de base, on obtient pour ¢ une combinaison linéaire à coefficients 
dans A? de ces éléments de base. 

A la famille d’idéaux N? correspond une famille de sous-modules C, dans 
le g-module Q(E (g), k), chaque C, étant le sous-module des fonctions nulles 
sur Nr. Ona (0) =C, CC,---C,C---, mais Q(E(g), k) ne sera pas 
la réunion des Cp. On étudiera dans ce qui suit les modules quotients Cp/Cp-. 

A toute fonction feC, (p>0), on associe lapplication linéaire 
F: Art R(E(g),k) définie par (F:c)-e— f: (ce) quels que soient ¢e A? 
et ee E(g). Si Von définit dans l’espace (A, R(EÆ(g),k)) des applica- 
tions k-linéaires de A?" dans Q(E (g), k) une structure de g-module en posant 
(xF)h-a—=x(f'a) (æeg,ae AP"), l'application fo devient un homo- 
morphisme de g-module. Puisque f-N? — (0), F est nulle sur A? et peut 
done être considérée comme élément du sous-module R(Ar-1/4?, R(E(g),k)). 
D’autre part, si ee N, alors (F-c)°e = 0 pour tout ce 4?-1. Par conséquent, 
F-c est dans R(E(g/b),k) considéré comme sous-module de Q(E (g), k). 
On a done obtenu ainsi pour tout entier p > 0 un homomorphisme de 
g-modules 

Ty: Cp — (AP /AP, RCE (g/b),k)). 


Si fe Cr. alors T,;f—0. Réciproquement, si feC, et si Tp'f = 0, 
alors, pour tout ce N?-7, donc de la forme È ae; avec a;e AP? et ee E(g), 


on a f:e = X f (ue) = DX ((Tp'f) a) ei = 0, où a’; et e’; désignent respec- 


tivement les images canoniques de a; et e; dans les quotients A™-1/A? et E(g/b). 

Par suite f € Cp- Pour tout entier p > 0, Cp- est done le noyau de T,. On 

va maintenant démontrer que pour tout F e X(Ar*/A®, R(E(g/b),k)) il 

existe un feC, tel que F,°f—#. Soit en effet (x) (i—1,2: --n) une 

base d’un supplémentaire de b dans g. Tout élément ee NP s'écrit d’une 

manière et d’une seule e = > ajm; où les aje AP? et où les mj sont des 
3 
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monômes de la forme «15,2%: - -x,Pr (Lemme 6). On peut donc définir 
une fonction f: N — k en posant f’-e = à (F'-a’;)-m’; où a’; désigne l’image 


canonique de a; dans A?-1/A? et m’; l’image canonique de m; dans Æ(g/b). 
La fonction f est évidemment nulle sur N?. Soit f une fonction dans 
R(E(g),k) ayant f pour restriction à N?*; c’est un élément de C, dont 
l’image par Fp est F. On notera désormais y, l’isomorphisme de Cp/Cp-1 
sur &(AP-1/AP,R(E(g/b),k)), déduit de T, par passage au quotient. 


¢. Filtration des modules Y (g) et W (g). Lies notations étant celles 
du paragraphe précédent, on posera V,(g) = Cz, V(g) et W,(g) = CaN W(g) 
pour tout entier p > 0. 


Lemme 7. Le module W(g) est réunion des modules W,(g). St g est 
une algébre de Ine résoluble sur un corps de caractéristique 0 et st b en est 
l'idéal dérivé, alors V(g) est réunion des V,(g). 


En effet, si fe W(g), c’est une fonction linéaire nulle sur un idéal 
bilatère de la forme A(g)” dans #(g), donc à fortiori nulle sur W” puisque 
N C Ag). D’autre part, on sait que si g est une algèbre de Lie résoluble 
sur un corps de caractéristique 0, pour tout g-module M de dimension finie 
sur ce corps, les endomorphismes de l’espace Jf qui correspondent à des 
éléments de l’idéal dérivé de g sont dans le radical de l’algèbre enveloppante 
de M5 Ceci signifie que, si D est un idéal bilatère de codimension finie dans 
E(g), Vimage inverse dans #(g) du radical de l’algèbre associative L(g) /D 
contient b, donc également N. Il en résulte que tout idéal bilatère de co- 
dimension finie dans #(g) contient un idéal de la forme N” ce qui prouve 
que tout élément de V( g) est dans un sous-module V,(g). | 

La structure de g-module de L(Æ(g/b),k) étant définie par sa structure 
canonique de g/b-module et l’homomorphisme de #(g) sur E(g/b), les élé- 
ments de caractère fini (respectivement nilpotent) du g-module Q(E(g/b), k) 
coïncident avec les éléments de caractère fini (respectivement nilpotent) de 
L(E(g/b), k) muni de sa structure canonique de g/b-module, c’est à dire les 
éléments de V(g/b) (respectivement W(g/b)). Les quotients A?-1/A? étant de 
dimension finie sur k, les éléments de caractère fini (respectivement nilpotent) 
du g-module &(4?7-1/4?, Q(E(g/b), kY) sont donc les éléments du sous-module 
Q(A?-1/A?, V(g/b)) (respectivement L(A7-1/4?, W(g/b))). D’un autre côté, 
V,(9)/V»-1(9) s’identifie à un sous-module du module des éléments de carac- 


15 Cf. C. Chevalley, “Algebraic Lie algebras,” Annals of Mathematics, 48 (1947), 
pp. 91-100. 
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tère fini de C,/Cp1. De même, W,(g)/Wpa(g) s'identifie à un sous-module 
du module. des éléments de caractère nilpotent de C,/Cp1. L’isomorphisme yp 
du paragraphe précédent applique donc isomorphiquement V,(g)/V31(g) dans 
Q(A?1/A?, V(g/b)) et Wo(g)/Woa(g) dans Q(A?*/A?, W(g/b)). 

LEMME 8. Si b est wn idéal de codimension 1 dans une algèbre nil- 


potente g, alors, pour tout p >O, yp applique isomorphiquement Wo(g)/Wp+(g) 
sur (A? */A®, W(g/b)). 


Le seul point restant à démontrer est que tout élément de caractère 
nilpotent dans le g-module C,/C,. est dans W,(g)/W;:(g). Soit f un 
élément de C, ayant pour image dans C,/C,, un élément de caractère 
nilpotent. Ceci signifie que f est une fonction dans Q(Æ(g),k) nulle 
sur N? et sur un idéal de la forme N?-44(g)" où m désigne un entier 
Æ 0. On va démontrer que, quels que soient les entiers p et m Z 0, 
il existe un entier r= 0 tel que N?*M A(g)" C N? 4 NPtA(g)™ Il en 
résultera bien que la restriction de f à N?+ est aussi la restriction d’une 
fonction ffeR(Æ(g),k) nulle sur A(g)", done que fe W,(g) + Cou. 
Soit x un élément de g— b. Quel que soit lPentier r > 0, tout élément 
ee Ag)" s'écrit, modulo N?, comme somme de monômes ayant au moins 
r— p +1 facteurs v, les autres facteurs étant dans b et en nombre au plus 
égal à p— 1. Puisque les 2% constituent une base de #(g) considéré comme 
module à gauche sur Æ(b) (cf. paragraphe 5), on pourra écrire chacun de 
ces monômes sous la forme $, cx! avec cg e H(b). Pour cela, on devra effectuer 


un certain nombre de fois l’opération consistant à permuter un facteur # 
avec un facteur ye b, ce qui fait apparaître chaque fois un monôme supplé- 
mentaire ayant un facteur æ en moins, mais dont l’un des facteurs y €b aura 
été remplacé par [æ, y] — ad(x) - f. Puisque g est supposée nilpotente, il existe 
un entier s tel que ad(x)*=-0. Les monômes dont on part comportant au 
plus p — 1 facteurs dans b, on voit que le nombre des facteurs x restera au 
moins égal à r—— p + 1—s(p—1). Ainsi, tout élément ee A(g)" est égal, 
modulo N? à une somme de termes de la forme ca avec q = r—(s —1)(p — 1) 
et cge H(b). Side plus ee N?-1, alors les cg sont dans AP: (Lemme 6). Par 
conséquent, en choisissant r= m -+ (s—1)(p—1), on a Nr1NA(g)" 
CN, + NPA (g})", ce qui achève la démonstration. 


LEMME 9. Si b est Vidéal dérivé d'une algèbre de Lie g, alors yp 
applique isomorphiquement V,(g)}/V,:1(g) sur Q(Ar1/A4r, V(g/b)). 

Soit (2) (i == 1,2,; n) une base d’un supplémentaire de b dans g. 
On notera S(t, i-r) (1=1,2,: - +n; r= 0,1,- - :n—41) le sous-espace de 
E(g) engendré par les monômes de la forme æfimPia. + -Pr où les 


550 J. L. KOSZUL. 


Pi Pin’ * ‘Pur sont des entiers = 0. On posera pour abréger S == S (1, 2) 
et S(t) = S (ii). L'homomorphisme canonique ¢ de H(g) sur Æ(g/b) 
applique isomorphiquement $ sur E (g/b). On utilisera dans la démonstration 
du Lemme 9 le résultat préliminaire suivant: 


Lemms 10. Pour tout sous-espace U C S dont Vimage par ¢ est un 
idéal de codimension finie dans E(g/b), tl existe un sous-espace U’ CU 
tel que 

1° , €-U" est un idéal de codimension finie dans E(g/b). 

2° U’g CU’ + BU. 

On remarquera pour commencer que, si we S(t,1-+ 7), alors quel que 
soit z€ 9, 

(A) 2u—urebS(ii<+r). 

Pour vérifier cette inclusion, on supposera que u est un monôme et Pon pro- 
cèdera par induction sur le nombre de ses facteurs en posant u = ’1:,, avec 
0Zs<retueS(i,1+s). Ona 
ZU — UZ 

== (ZW — W2) tis + U (2ting — Ving?) € DS, à + 5) + wb C DSi, à + r) 


d’après Vhypothése inductive. 


D’autre part, si we S(4,4-+7) et si i & 1] S1-+7, alors 


(B) ur;ebS(ii+r) + S(i1i+r). 
On supposera de même que u est un mondme et l’on procèdera par induction 
sur le nombre de ses facteurs en posant u—"#wmx, avee OSsSr et 
weS(iit+s). On a trivialement ur;e S(ir+r) si 1=1+s Si 
j <i+s, on écrira | | 

UT; == W (Lins; — Titus) J- W Tils € wb + (bS (4, 4 -+ s) + S (1, t + S))tis 
d’après l’hypothèse inductive. Ce sous-espace est contenu dans 

Sli its) +bS(ii+s) CS tAr) +bS(i,1+7r) 

d’après (A). 

Ceci étant, soit 8 l’application linéaire du produit tensoriel (sur k) 
g ® S(i) dans le sous-espace bS (1) C H(g) définie par 8- (z Q u) = zu — uz 
pour zeg et ueS(i). Posons K; == U N S(t); c’est un sous-espace de co- 
dimension finie dans S (1). Puisque b est de dimension finie, bK, est de 
codimension finie dans b8 (4), et il existe done un sous-espace de codimension 
finie dans g © 8 (1) dont l’image par 8 est dans bK;. Puisque g est de dimen- 


ALGEBRES DE LIE RESOLUBLES. 551 


sion finie, il existe donc un sous-espace K”; de codimension finie dans S(+) tel 
que 8:(g © K’;) C bK; Les deux sous-espaces K; et K’; de S(t) étant de 
codimension finie, leur intersection contient un polynôme P;540 en a; Soit 
U’: le sous-espace S(1,1— 1)P;8{1i,n) de S.1 Son image par £ est l'idéal 
de H(g/b) engendré par £-P; Puisque Pye U, on a donc EU% C EU 
d’où UC U. D'autre part, U’;g CU’; + bU. En effet, si zeb, alors 
Use S(1,i—1)P,bS(i, n) d’après (A). Or, pour tout yeb, on a 
yP,— Piy e bK; C bU, donc Pib C bU et par suite, £-U étant un idéal, 
S(1,1—1)P;bS(i,n) C bU d’après (A). D’autre part, sit jn, ona, 


U’ ty == S(1, À — 1) PS (2, 1) 2; 
C S(1,i—1) PS (i, n) + S(1,i—1) PbS (i, n) 


eee (B), done U’a@; CU"; + EU. Enfin, si 7 <4, 
Ua; C S(1,1—1) Pia S (in) + S(Li—1)P;bS (in) 
d’après (A). Puisque Pæ; —x;P;e bK; on a donc 
Ur; C S(1,i—1)x PS (i, n) + bU 


d’après (A) et ce sous-espace est contenu dans U’;-+ bU d’après (B). Soit 
alors U’ == $, U’;; son image £-U” dans H(g/b) est Vidéal engendré par les 
i 


£-P; Puisque Æ(g/b) est Valgébre commutative des polynômes en ¢- 2, 
Vidéal &-U” est de codimension finie dans E (g/b). D'autre part, U’ C U et 
U’g C U’ + bU par suite des inclusions analogues vérifiées par chaque U’: 
Ceci termine la démonstration du Lemme 10. 

Revenons maintenant à la démonstration du Lemme 9. Tl reste à vérifier 
que tout élément de caractère fini dans C,/C, est l’image d’un élément de 
caractère fini de Cp. Soit f un élément de Cp ayant pour image dans C,/Cp 
un élément de caractère fini. Ceci signifie que f est une fonction dans 
(f(g), k) nulle sur N? et sur un idéal de la forme Nr-1H où H est un 
idéal bilatère de codimension finie dans Æ(g). On va démontrer que, quel 
que soit l’entier p et l’idéal H de codimension finie dans Æ(q), tl existe un idéal 
bilatere H” de codimension finie dans E(g) tel que Nr N H’ C Nr + Ne. 
Il en résultera bien que la restriction de f à .N?-1 est aussi la restriction à 
Ne d’une fonction fe Q&(E (g), t) nulle sur H, donc contenue dans V,(g). 
Soit U, l’intersection de S et de H. Le Lemme 10 permet d’y associer une 
suite de sous-espaces Uy (k = 0, 1,: - -) possédant les propriétés suivantes 


1) See Us D UD Ur - Ur D Un >, 


18 Pour i = l, S(i,i— 1} représentera le corps des scalaires. 
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2) quel que soit k, l’image canonique de Us dans Æ(g/b) est un idéal 
de codimension finie, 


8) quel que soit k = 1, Urg C Ur + bUr- 


k=p 
Ceci étant, soit Ly — AP *U, (k == 0,1,2, - : p). Le sous-espace L = 2 Ly 

=0 
est un idéal à droite de E(g). En effet, = 


Lyg = AP*U yg C Li + AP KOU pg == Ly + ArU pa C Dy + Lra 


pour k = 1, et pour k= 0, on a Lo ÆU, = APS — N?. D'autre part, 
L, + Ly est de codimension finie dans #/(g). En effet, si (t;) est une base 
d’un supplémentaire de U, dans S, tout élément de H(g) s’écrira modulo 
L, == E(b)U, comme combinaison linéaire à coefficients dans Æ(b}) des t; 
Puisque pour a;e AP, ajt;e N? = LD, et que A? est de codimension finie dans 
Hi(b), Pespace Lo + Lp est bien de codimension finie dans Æ(g). A fortiori, 
Pidéal L est de codimension finie dans E(g). On va enfin montrer que 
Vintersection L N N?* est Ly + Lı = N? + AU C Nr + NOCH. Tout 
élément de Ly (k—0,1,- - - p) s’écrit comme combinaison linéaire à coeffi- 
cients dans A?* d’éléments linéairement indépendants de U;, et s’il est dans 
Nr ces coefficients sont dans A?** d’après le Lemme 6. On a done 
NeR N Le C APU, C Epa pour tout k > 0. D’autre part, EL, C NP- pour 
OSkSp. H en résulte que Lp N N C Lpa et (Lp + Lp) O N C L, donc 
(Ly + Lpa) O N? C Lp N N? C Lp- et par suite (Lp + Lp. + Lye) N N? 
C Ly+ De proche en proche, on démontrera ainsi que (Lp + Lys > * La) 
N Nr C L, done que LN N?*CL,+ Eo On a done obtenu un idéal 
à droite L de codimension finie dans #(g) dont lintersection avee N?* est 
dans N? + Ne H. Puisque tout idéal à droite de codimension finie contient 
un idéal bilatère de codimension finie, le Lemme 9 est ainsi démontré, 


7. Trivialité de H*(g, W (g)) lorsque g est nilpotente. 


THEOREME 6. Sig est une algèbre de Ine nilpotente, alors H” (g, W (g) ) 
= (0) pour tout p > 0. 


La démonstration procède par induction sur la dimension de g. Le 
Théorème est vérifié pour g de dimension 1 (Théorème 4). Supposons le 
vérifié pour les algèbres nilpotentes de dimension inférieure à la dimension 
de Valgébre nilpotente g. Soit b un idéal de codimension 1 dans g et soit 7 
l’homomorphisme de W(g), considéré comme b-module, dans W(b) qui 
associe à tout fe W (g) C Q(E(g), k) sa restriction à F(b) C E (g). L’homo- 
morphisme » se prolonge en un homomorphisme 7 du complexe de cochaînes 
C(b,W(g)) dans C(b, W(b)). En composant l’homomorphisme cano- 
nique C(g, W(g))—> C(b, W(g)) avec 7, on obtient un homomorphisme 
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é:C(g, W(g))—C(b, W(b)). Compte tenu de l’hypothèse inductive, il 
suffit de démontrer que cet ‘homomorphisme induit un isomorphisme de 
H*(g,W(g)) sur H*(b, W(b}). On utilisera pour cela des filtrations de 
ces deux complexes. Dans C(g, W(g)), on prendra la filtration par les sous- 
complexes C(g, W,(g)) correspondant à la filtration du module W (g) par 
les W,(g) relatifs à b (Lemme 7). Dans C(b, W(0)), on utilisera la filtra- 
tion par les sous-complexes O (b, W,(b)) où chaque W,(b) est le sous-module 
des fonctions linéaires sur Æ(b) nulles sur l’idéal 47. Pour tout p=0,ona 
n° Wo(g) C W,(b) et par suite €-C(g, W,(g)) C C(b, W,(b)). D’après le 
Lemme 8, l’isomorphisme y, permet d'identifier C(g, W,(g))/C(g;, Wo+(g)) 
— O(g, Wh(g)/Wyi(g)) avec C(g,&(AP7/A?, W(g/b)) qui est aussi le 
complexe &(A?7/A?, O(g, W(g/b)) des applications k-linéaires de l’espace 
Av1/Ar dans C(g,W(g/b)). L'autre part, C(b, W,(b))/C(b, W,:(b)) 
s’identifie au complexe &(4?7-1/4?, C(b, k)). Après ces identifications, l’homo- 
morphisme déduit de é par passage au quotient devient l’application de 
Q(Ar-1/ AF, C(g, V(g/b)) dans Q(47-1/4?, C(b, k)) qui est définie par l’homo- 
morphisme ow: C(g, W(g/b)) > C(b, k) qui a été étudié au paragraphe 4. 
Compte tenu du Théorème 5, cet homomorphisme induit un isomorphisme de 
la cohomologie du premier complexe sur la cohomologie du second. Tl résulte 
donc du “ Lemme des cing ” que é induit bien un isomorphisme de H*(g, W(g)) 
sur H* (b, W(b)). | 


8. Trivialité de H*(g,V(g)) lorsque g est résoluble. 


THÉORÈME 7. St g est une algèbre de Lie résoluble sur un corps de 
caractéristique 0, alors H?(g,V(g)) = (0) pour tout entier p > 0. 


La démonstration consiste à se ramener au Théorème 6. Soit b Vidéal 
dérivé de g. (C’est une algèbre de Lie nilpotente. Tout élément de V(g) 
étant contenu dans un sous-module V,(g) relatif à l’idéal b (Lemme 7), sa 
restriction à #(b) sera nulle sur un idéal A? C N? et c’est donc un élément 
de W(b). On a ainsi un homomorphisme canonique y de V(g) considéré 
comme b-module dans W(B) et cet homomorphisme se prolonge en un homo- 
morphisme 4: C(b, V(g)) —C(b, W(b)). En composant l’homomorphisme 
canonique C(g, V(g)) —> C(b, V(g)) avec 7, on obtient un homomorphisme 
canonique du complexe ((g, V(g)) dans le complexe C(b, W(b)). Compte 
tenu du Théoréme 6, il suffit de démontrer que cet homomorphisme induit un 
isomorphisme de H*(g,V(g)) sur H*(b,W(b)). On utilisera pour cela 
des filtrations de ces deux complexes. Dans C(g, V(g)) on prendra la filtration 
par les sous-complexes C(g, V,(g)) (Lemme 7) et dans C(b, W(b)) la filtration 
par les sous-complexes C (b, W,(b)) déja introduits dans la démonstration du 
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Théorème 6. Pour tout p= 0, on a n°V,(g) C Wp(b) et par suite 
éC (g, Va(g)) € C(b, W,(b)). | 


D’après le Lemme 9, l’isomorphisme y, permet d'identifier 


C9; Va(g))/C (9, Vralg)) =C (9, Vr(9)/Vra(9)) 


avec O(g, 2(A®1/A?, V(g/b)) qui est aussi le complexe Q(A®*/A?, C(g, V(g/b)) 
des applications k-linéaires de l’espace A?*/A? dans C(g, V(g/b)). D'autre 
part C(b, W,(b))/C(b, W,:(b)) s’identifie au complexe &(A?-*/A?, C(b,k)). 
Après ces identifications, l’homomorphisme déduit de € par passage au quotient 
devient l’homomorphisme de Q(A7-1/4», O(g, V(g/b)) dans Q(A?71/4?, C(b, kY) 
qui est défini par l’homomorphisme o,: O(g, V(g/b))—>C(b,k) étudié au 
paragraphe 4. Compte tenu du Théorème 5, cet homomorphisme induit un 
isomorphisme de la cohomologie du premier complexe sur la cohomologie du 
second. Il résulte donc du “ Lemme des cing” que é induit bien un iso- 
morphisme de H*(g, V(g)) sur H*(b, W(b)). 


Démonstration du Théorème I. Soit M un module de représentation 
d’une algèbre de Lie résoluble g sur un corps de caractéristique 0. Pour tout 
entier p > 0, on a Hr(g,R,(E(g), M)) = H? (g, V(g))@ M = (0) d’après 
le Théorème 7. Compte tenu du Théorème 2, ceci prouve que les classes 
dans H?(g, M) sont effaçables. 

On observera pour terminer que, compte tenu du Théorème 8, le Théorème 
8 signifie que, sur un groupe résoluble simplement connexe, donc homéo- 
morphe à R”, la cohomologie du complexe des formes différentielles réelles 
dont les translatées sont dans un espace de dimension finie est la même que 
celle du complexe de toutes les formes différentielles. Nous ne connaissons 
pas de démonstration directe de ce résultat. Le même circonstance se vérifie 
trivialement pour un groupe compact; elle n’est cependant pas générale. 
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COHOMOLOGY OF RESTRICTED LIE ALGEBRAS.* 


By G. HOCHSCHILD. 


Introduction. We shall be concerned with restricted Lie algebras of 
characteristic p {+4 0), in the sense of N. Jacobson, [6]. The structure of a 
restricted Lie algebra L comprises, in addition to the usual Lie algebra struc- 
ture, a map of LZ into itself, denoted z — <1, with properties that correspond, 
in a fashion we shall make precise later, to the properties of the map z — q? 
in an associative algebra of characteristic p. The appropriate representation 
theory for such algebras is accordingly obtained by confining one’s attention 
to the restricted representations in which the transformation corresponding 
to zl is the p-th power of the transformation corresponding to x. Just as 
the ordinary representations of a Lie algebra correspond to the representations 
of its universal enveloping (or Birkhoff-Witt) algebra, the restricted repre- 
sentations of a restricted Lie algebra correspond to the representations of a 
certain homomorphic image of its universal enveloping algebra; its u-algebra, 
in the sense of Jacobson, [6]. It has been shown by H. Cartan and S. Eilen- 
berg that the cohomology groups of a Lie algebra can be computed, as described 
in section 1 below, from any augmented free acyclic complex over its universal 
enveloping algebra. If, in this context, one replaces.the universal enveloping 
algebra by the u-algebra one obtains new groups, which we shall call the 
restricted cohomology groups. One is thus led to the problem of deter- 
mining what becomes of the usual elementary interpretations of the 1- and 2- 
dimensional cohcmology groups in terms of extensions of modules and Lie 
algebras when one passes from the “ ordinary ” situations to the corresponding 
“restricted ” ones. This is what we propose to do here. The results are 
what one would naturally expect them to be, except perhaps for those which 
deal with the relations between the “ ordinary ” objects and the corresponding 
“ restricted ” ones, such as are expressed in Theorems 3. 1 and 3. 2. 


* Received October 14, 1953. Part of this work was done while the author was 
participating in the conference on Lie algebras and Lie groups, July-August, 1953, 
organized by the American Mathematical Society with the financial support of the 
National Science Foundation. 

* I am indebted to N. Jacobson for the suggestion that restricted Lie algebras can 


thus be: used as experimental animals to be observed in the environment of general 
cohomology theory. 
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1. Basic notions. Let L be a Lie algebra over a field F. We denote 
by T; the tensor algebra built over the F-space D.2 As an F-space, Tr is 
the direct sum of subspaces Tri, 1=0,1,:-°-, where TS =F, Tr = L, 
Tr? = LQ L, and generally Trt is the i-fold tensor product LO- - -@L, 
relative to F, of L by itself. The multiplication in Tgr is defined by the 
canonical map (Tri, Tri) — Tri @ Tri = T1'T1) = Tr. Let I, denote 
the 2-sided ideal of Tz which is generated by the elements of the form 
a®y—y@S@a—f[a,yJeLOL-- L, with + and y ranging over L, and [x,y] 
denoting their commutator in L. The algebra Rs = Tz/Iz is the universal 
enveloping algebra of L. We identify F with its natural isomorphic image 
(F + Jr)1r in Rr, and similarly we identify L with its natural isomorphic 
image (L + Ir)/iz in Br. 


The natural image Rr’ of X Tri in Rz is a 2-sided ideal in Ez and, as a 
4=1 


vector space over F, Rz is the direct sum of Rz* and F. We have a canonical 
projection € of Er onto F whose kernel is Ert, namely the map induced by the 
projection of Tzr onto 77°. 

The importance of Az lies in the almost evident fact that the repre- 
sentations of L correspond in a natural 1-1 fashion to the “ unitary ” 
representations of Er, i.e., to those in which the identity element of Ry, 
is mapped into the identity transformation. Accordingly, the cohomology 
theory of L can be based entirely on the ring £r, with the projection €, as 
has in fact been done by H. Cartan and S. Eïlenberg. Since their general 
theory of algebraic complexes has not yet appeared in print, we shall be 
content with only a few allusions to it, which may eventually serve to clarify 
the underlying ideas for some of our manipulations of the cohomology groups. 

We regard F as an Rz-module with “trivial operators,” i.e. if re Ry 
and ae F, we set r-œ—e(r)a. The usual cohomology groups H"(L, M) for 
L in an L-module M coincide with the groups Extr,” (F, M), as defined by 
Cartan-Hilenberg, where M is regarded as a unitary Rz-module in the natural 
fashion. 

The usual explicit computation of H(L, M) starts with the alternating 
n-linear functions on L with values in M as the n-cochains, and with the 
coboundary operator 8, where 


(8f) (Zo, > +» Ln) 
7 
= $, (— 1) tti fre", En) + E (— 1) (Lors al Los” * * ; En) 
4=0 prog 4 
2 We look upon this and related concepts from the point of view of chapter 1 of [1]. 


In particular, see p. 4 of [1] for a precise definition of the tensor algebra. 
3 For the details of this description of H (L, M), see § 1 of [5]. 


COHOMOLOGY OF RESTRIOTED LIE ALGEBRAS. 557 


It is a consequence of the general theory of algebraic complexes that the 
following cochains and coboundary operator lead to the same cohomology 
groups, up to a canonical isomorphism. The n-cochains are now the n-linear 
functions (not alternating) on R,* with values in M, and the coboundary 
operator è is defined by the formula | 


(89) (so, 7 *; Sn) =e o" g(s, oe? 5 Sn) F È (— 1)*9(S0, "ty SES, °° * ; Sn). 


Observe that this is what one obtains from the cohomology re of asso- 
ciative algebras if one makes all the right operators 0. 

One can give an explicit cochain map which induces the canonical iso- 
morphism between the cohomology groups as defined above in the two different 
ways. For every cochain g of the second, “ associative ” type, define a cochain 
g of the first, “Lie” type by the formula 


g(a; eas Ln) as > og (Zo), Ts Toin) ), ; 
a 


where the summation is over all permutations o of the set (1,---,7), and 
where eo is equal to + 1 or — 1 according to whether o is even or odd. It 
can be verified directly that 5(9’) Z (89)’, so that the map g > g’ induces a 
homomorphism of the cohomology groups. The fact that this homomorphism 
is actually an isomorphism onto is proved by means of the general theory of 
algebraic complexes. In order to apply this theory, we must observe that, 
in the terminology of Eckmann, [2], each of the above descriptions of H(L, M) 
exhibits it as the “ equivariant ” cohomology group of some (augmented) free 
acyclic Rx-complex. The first description is obtained from the following 
complex: let C, = Rr, regarded as an Rz-module in the natural fashion. This 
is the 0-dimensional part of the chain group, regarded as an Ry-module. The 
augmentation is e: Co — F, as defined above. For n > 0, denote by Z, the 
n-fold exterior product of the F-space L by itself* The n-dimensional part 
of our Rr-module of chains is defined as Ca = Ry, © Ln, with its natural struc- 
ture of an Rz-module. The boundary operator d of our complex is charac- 
terized by the formula 


d(r © (to A: À &)) 
n z 

E a DS) a a a INE) 
= P< 

Evidently, each C, is a free Ry-module, and it is not too difficult to verify that 


t This means that La is the homogeneous component of degree n of the exterior 
algebra over L, in the sense of §5 of [1]. The symbol A in the boundary formula 
below indicates multiplication in this exterior algebra. 
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d? = 0, so that we have indeed a free Rz-complex. In order to show that this 
complex is acyclic, one observes that, by means of an ordered basis of L, one 
can define a graduation of Rx; the degrees being the total degrees in the basis 
elements of L in the representation of the elements of Rz as linear combina- 
tions of ordered monomials (which are well known to be linearly independent) 
in these basis elements. One then defines an increasing filtration of the com- 
plex by means of a sequence of subcomplexes defined by the condition that, 
in the m-th complex, the n-chaïns shall have their coefficients in Ay, of degree 
no greater than m—n. The factor complex obtained from two successive 
such subcomplexes can be described quite simply in terms of the symmetric 
algebra ë and the exterior algebra over L, and can be shown to be acyclic by a 
reductive verification. By a familiar argument of algebraic homology theory, 
it follows then immediately that the whole complex is acyclic. Now if M is 
any unitary #z,-module, one constructs the cochain complex whose n-dimen- 
sional cochains are the &z-homomorphisms of C, into M, and whose coboundary 
operator à is the dual of d. The corresponding cohomology group is the “ equi- 
variant ” cohomology group derived from M and our complex (C,d). It is 
evident that this gives precisely the usual description of H(L, M) in terms of 
Lie cochains; one merely has to observe that the linear maps of L, into M 
may be identified with the n-linear alternating functions on L with values 
in M. 

The situation of the second, associative description of H(L, M) is a good 
deal simpler. We construct an appropriate augmented free acyclic Rz-complex 
(D, d) as follows. D, — Co, and the augmentation is the same map e which 
we have used above. For n > 0, Cn == Rr @ By*@-- : @ Rz* (one factor Rr, 
followed by n factors Rr*). The boundary operator is characterized by the 
formula 


d(r @ so ©: j © sp) 
= 17S, © 5, @- Bs +S (—1)'r ® 50 © i O 5118; @ : r © Sn. 


qa 
Here we can define an explicit homotopy operator h which shows at once that 
(D, d) is acyclic. On F, h is defined as the injection into Ezr, which is an 
inverse of « On D, == Rr, h is the map r— 1@7r*, where r* denotes the 
component *—e«(r) of r in Ert. Generally, 


h(r@s,@---@s,) —1@7r @s 8-- -Os,. 
It is easily verified that dh + hd is the identity map of D onto itself, whence 


5 Loosely speaking, this is the algebra of the commutative polynomials in the basis 
elements of L, with coefficients in F. For a precise definition, see § 4 of [1]. 
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it is clear that our complex is acyclic, while it is evidently free. It is also 
evident that the corresponding equivariant cohomology group in any unitary 
Rr-module M is exactly what our second, associative description of H (L, M) 
yields. 

Now, quite generally, if C and D are two augmented complexes over an 
arbitrary operator ring À, both having the same augmentation module, F, 
and if C is free over R, while D is acyclic, then the identity map of F onto 
itself can be extended to an admissible map of C into D, i. e., to a dimension 
preserving 2-homomorphism which satisfies the usual commutativity relations 
with respect to the boundary operators and the augmentation maps. More- 
over, any two such admissible maps are equivalent to each other by a homotopy 
map of C into D. It follows that there is a canonical homomorphism of the 
cohomology group derived as above from D into the cohomology group derived 
from C, this homomorphism being induced by the dual of any admissible map 
of C into D. 

In the situation above, it is clear, by interchanging C and D, that the 
canonical cohomology homomorphism is an isomorphism onto. In order to 
complete the proof of-our above claims concerning the two descriptions of 
H(L, M), we merely have to observe that our cochain map g — g’ is the dual 
of the chain map y: C — D defined as follows. On (>, y is the identity map. 
On Cn, with n > 0, y is the Rr-homomorphism which is characteribed by the 
formula y(r@ (t1 A+ + -A a)) = X eor B toa) D: -Q Tom. It is not 

g 


difficult to verify that y is an admissible map of C into D, so that its dual 
induces the canonical isomorphism of the associatively defined cohomology 
group onto the usual one. 

Before discussing the restricted cohomology groups, we must recall the 
basic facts concerning restricted Lie algebras. From now on, F will always 
denote a field of characteristic p 40. A restricted Lie algebra over F is a 
Lie algebra L over F in which there is defined a map s —> < (of L into 
itself) which is subjected to the following conditions. Let D, denote the 
inner derivation of L which is effected by the element æeL, so that 
De(y) == [z, y]. Then the conditions are: 


(1) (Dz)? = Dzn; 
(2) for ae F and veL, (ar) = glr]; 


(3) (s -+ y)?l = g?l + y?l + g(a, y), where o(x,y) is the element 
of L which, in Er, coincides with (2 + yY? 27 — gP. 








8 What follows is a slightly specialized reminder of some of the basic features of 
the theory of complexes over a ring, as formulated by Eckmann in [2]. 
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It is not evident that o(x, y) actually belongs to L. This is seen by 
operating in the polynomial ring Rz[é] in one auxiliary variable, ¢, which 
commutes with the elements of the coefficient ring Ry. Write 


p-1 
(xt + y)? = air + y + 2 si(z, y) tt. 


à | 
Then we have o(z, y) => &(x, y). On the other hand, differentiating with 
i=1 


respect to &, we obtain 
D-1 -I 
S (wt + yya (at + y) = Y isi (2, y) t. 
j=0 ¢t=1 


1 
The left hand side is of the form 5 ufvuP-1-15, Let us momentarily replace u 
j=0 


and v by independent non-commuting variables and operate in the ring Q 
of the non-commutative polynomials in u and v with coefficients in F. If D, 
denotes the map w — uw — wu == D,(w), we have 


p-1 
Dy Dufour ti Dy? (v) ) = 0. 


#20 
p-1 
In Q, this is easily seen to imply that 5 wout+) = D,P*(v). This formal 
j=0 
result must continue to hold after specialization to Rz[t]. Hence we have 


pl e - 

> 18:(@, yt? = Dior (x), and a comparison of coefficients shows that 
i=l 

sı(z, y) is a sum of commutators, and so belongs to L. Thus o(2,y) e L. 


For future reference, it is important to observe that o(x, y) is obtained by 
formally integrating the polynomial D'un? (x) with respect to ¢ and then 
putting ¿= 1. Note that this formal integration can be carried out meaning- 
fully, because the polynomial is actually of degree less than p — 1. 

Now let L be a restricted Lie algebra over F, and denote by Py, the 
ideal of Ez which is generated by the elements of the form 2? — sil, with 
ze. Note that, by (1), these elements are in the center of Rr. We define 
Ur = kRr/Pr. Uz is what Jacobson has called the u-algebra of L. We can 
still identify F and L with their isomorphic images in Uz, and we have then 
g? == git), in Ur, for all ze L. 

For restricted Lie algebras L, it is appropriate to concentrate one’s 
attention on the restricted L-modules, i. e., on those Z-modules M in which 
ge- m = gP m, for all me M and all ve L7 Clearly, the restricted L- 





TIt is implied in our notation that L-modules are simultaneously regarded as Rr 
modules. In particular, when we write z?.m,; a? denotes the p-th power of æ in Rr 
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modules are precisely the unitary Uz-modules. Contrary to By, the algebra 
Us is of finite dimension over F, whenever L is finite dimensional. In fact, 
if (4) is an ordered basis for L over F, the ordered monomials £t- x,6r, 
with 4, <- - < îy and 0 Se; < p, constitute a basis for Uz over F, whether 
the basis is finite or not. 

Our projection e of Az onto F induces a projection e of Uz, onto F 
whose kernel is the natural image Ur* of Rr* in Ur. If F is regarded as a 
Uï-module with w:«—e’(u)a, then the restricted cohomology groups for L 
in the restricted L-module M coincide with the groups Exty,”(f,M) of 
Cartan-Hilenberg. One can avoid this reference to the general theory by 
using the explicit cochain complex of the associative type which is obtained 
from the one we discussed above simply by replacing Rr* with Ur*. Observe 
that the usual description of cohomology for Lie algebras in terms of Lie 
cochains leaves no room for such a modification, so that a reformulation was 
necessary for our purpose. 

The canonical homomorphism of Rz onto Uz, allows us to regard any 
U,-module also as an Rr-module. An acyclic Uy-complex can therefore be 
regarded also as an acyclic Ær-complex. It follows from our above general 
remarks concerning algebraic complexes that there is a canonical homomor- 
phism of the restricted cohomology groups H,."(£,M) into the ordinary 
cohomology groups H"(Z, M) which is induced by the dual of any admissible 
chain map of the free acyclic Rr-complex used for computing H(L, M) into 
the free acyclic Uz-complex (regarded as an acyclic Ær-complex) used for 
computing H,(L, M). An explicit cochain map inducing this homomorphism 
is given, in the associative description, by g—g°, where g°(s:,: °°, Sn) 
= g(a: +, 8n), with se Rr* and s’; its canonical image in Uz". 

Let C(M) denote the complex of the cochains for Rr* in the restricted 
L-module M, and let C°(M) stand for the subeomplex consisting of the 
cochains of the form g°, where g is a cochain for Ur* in M. Then we have 
the exact sequence of complexes (0) — C°(M) —> C(M) > CM) /C°(M) — (0), 
which gives rise to the usual exact sequence connecting their cohomology 
groups. Since our map g —> g° is an isomorphism, we may identify H"(C°(M)) 
with H,."(L, M), whence we have the exact sequence 


-> Hy"(L, M) > H*(L, M) > H*(C(M)/0°(M)) > B” (L, M): -- 


It is evident that H°(C(M)/C°(M)) = (0), whence we conclude that the 
canonical homomorphism H.. (L, M) H*(L,M) is an isomorphism into 
(a fact which we shall verify directly in the next section). As a by-product 
of other results, we shall also obtain (in section 3) a simple description of 
H*(C(M)/C°(M)) and some information about H?(C(M)/C°(M)). 


562 G. HOCHSCHILD. 


2. Extensions of modules. Let L be a Lie algebra over F, and let K 
and Q be L-modules. An extension of K by Q is a pair (E, p), where # is 
an L-module containing K, and ¢ is an L-homomorphism of Æ onto Q whose 
kernel coincides with K. Two such extensions (#,¢) and (H’, ¢’) are said 
to be equivalent if there is an L-isomorphism « of # onto Æ’ which leaves 
the elements of K fixed and satisfies the relation ¢’a==¢. The equivalence 
classes of the extensions of K by Q constitute a vector space ext(Æ, Q). 
The definition of the vector space structure of ext(K, Q) is exactly the same 
as the one given (for the case of associative algebras) on p. 924 of [4]. 

Denote by M the F-space of all F-linear maps of Q into K. We 
make Jf into an L-module by setting, for me M, se L, geQ, (x: m}(q) 
= z: m(q)— m(x: q). It is essentially well known that ext(K,@Q) is iso- 
morphic with the ordinary 1-dimensional cohomology group H'(L, M), 
regarded in the natural fashion as a vector space over F. We recall only 
the way in which one attaches a certain cohomology class to each extension 
(H,¢) of K by Q. We can find a linear map. # of Q into E such that by 
is the identity map on Q. Then we obtain a linear map f of L into M by 
setting f(z) (q) =2-¥(q) —y(@-q). One verifies directly that f is a Lie 
1-cocycle for L in M, and that its cohomology class depends only on the 
equivalence class of (#,¢). It follows immediately from the definition of 
the vector space structure in ext(K, Q) that this yields a homomorphism of 
the F'-space ext(K, Q) into the F-space H*(L, M). The fact that this is 
actually an isomorphism onto is proved in exactly the same way as Theorem 
1.2 of [4]. 

Now let us consider the analogous situation in the case where L is a 
restricted Lie algebra, and K and Q are restricted L-modules. An extension 
(£,¢) of K ‘by Q is then called a restricted extension if # is a restricted 
L-module. The equivalence classes of the restricted extensions of K by Q 
constitute a subspace ext, (K, Q} of ext(K, Q). Next we observe that our 
module M is now a restricted L-module. In fact, by a familiar computation, 
using that for commuting maps u and v (here, u and v are the endomor- 
phisms of M consisting in composition of an element of M with the x-operator 
on K or Q, respectively) one has (u— v)? = w — «o, we find that 
(2?-m)(q) = 2?-m(q) — m(a®-q), whence, since K and Q are restricted, 
T? : m == gl- m, which proves our claim. 

Let (E, ¢) be a restricted extension of K by Q, and let f be a Lie 
1-cocycle derived from (H,¢) as above; i.e. with an evident extension of 
the notation used before, f (£) — x, where y is a linear map of Q into # 
which is inverse to ¢. We have gP. f(x) ==2?-y, and since # and Q are 
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restricted, it follows by the argument just above that a?*- f(x) = f(x), 
for all se L. Conversely, let f be any Lie 1-cocycle for L in M such that 
g-t- f(x) = f(x), for all veL. We construct a corresponding extension 
(E,ġ) of K by Q as follows. The underlying vector space of H is the 
direct sum Q-+.K, (q + k) =—g, and the Z-operators are defined by 
z-(q-+h)=a«a-g-+2u-k-+/f(x)(q). Then the equivalence class of (FE, 4) 
is indeed the element of ext(Æ, Q) which corresponds to the cohomology class 
determined by f. Futhermore, a direct computation shows that 


(a+ b) =a: g 4 alk + Saf f(s) (art. g). 


If we apply the identity 3 uivur\-i = D~ (v) to the sum on the right, we 


find that it is equal to (a. f(æ))(g) =f (21) (q). Hence we conclude 
that (E, b) is a restricted extension. 

In order to interpret this result in the framework of cohomology theory, 
we consider the canonical homomorphism of H,(L,M) into H*(L, M). 
We know that it is induced by the cochain map g — g° which we have defined 
at the end of sectionl. This cochain map is evidently an isomorphism into, 
and in dimension 0 it is simply the identity map of M onto itself. It 
‘follows that the induced homomorphism maps H,1(L, M) isomorphically into 
H'(L, M). Accordingly, we shall identify H (L, M) with the corresponding 
subspace of H*(L, M). There remains to decribe this sd a in terms of 
Lie I-cocycles. The result is the following: 


THEOREM 2.1. The canonical homomorphism of H.(L, M) into H(L, M), 
where M is any restricted L-module, maps H,*(L, M) isomorphically onto that 
subspace of H*(L, M) whose elements are represented by the Lie 1-cocycles f 
which satisfy the relation ar- - f(x) =f (al). 


Proof. Let f be a Lie 1-cocycle whose cohomology class belongs to 
H.'(L, M). Then there is an associative 1-cocycle g, defined on Uzt, such 
that the cohomology class of g° coincides with that of f. This means that 
there is an element m e M such that f(x) = x: m + g(x), for allae L. Hence 
LP- f(x) = a -m + at - g(x) = s -m + g(a?) = f(x), since g? = g/l, in 
Ur. Conversely, suppose that f satisfies the relation of the theorem. By the 
equivalence of the associative cochain complex with the Lie cochain complex 
it follows that f is the restriction to L of an associative cocycle h defined 
on Ry*. We have then, for re Ry and ve L, | 


b(r(ar— ain) ) = ram (a) —r Re) — r: (2P: F(a) — f (4t) ) = 0. 
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Thus, 4 vanishes on Pz, and is therefore the natural image g° of an associative 
cocycle g defined on Uz*. Clearly, the cohomology class of g is mapped into 
that of f by the canonical map of H, (L, M) into H*(L,M). This completes 
the proof. 


We may now state our result concerning module extensions as follows: 


THEOREM 2.2. Let K and Q be restricted L-modules, and let M be the 
restricted L-module consisting of the linear maps of Q into K. Then the 
canonical isomorphism of ext(K, Q) onto H'(L,M) maps ext (K, Q) onto 
H (LM). 


3. Extensions of Lie algebras. Let M be an abelian Lie algebra, L 
an arbitrary Lie algebra. An extension of M by L is a pair (E, ), where E 
is a Lie algebra containing M as an ideal, and ¢ is a homomorphism of Æ 
onto L with kernel M. This situation defines on M the ‘structure of an 
L-module, with L operating on M via F, in the natural fashion. An auto- 
morphism of such an extension is an isomorphism « of E onto # which 
leaves the elements of M fixed and satisfies the relation ġa = œ. Then 
the element a({e) —e, with ee E, depends only on @(e), and we may write 
a(e) =e + f(d(e)), where f'is easily seen to be a Lie 1-cocycle for L in M. 
Conversely, every 1-cocycle gives rise to an automorphism of (E, ¢) which 
may be defined by the last relation. Thus the automorphisms of (L,¢) _ 
constitute a vector space isomorphic with the space Z*(L,M@) of the Lie 
1-cocycles for L in M. In particular, if me M, we obtain a corresponding 
automorphism e — e + [e, m], which we call the pseudo-inner automorphism 
effected by m. Clearly, this gives a rather superficial interpretation of 
H*(L, M) as the space of all automorphisms of (#,¢), modulo the subspace 
of the pseudo-inner automorphisms effected by the elements of M. Our 
purpose in bringing this up is that we wish to illustrate, in the simplest case, 
a certain difficulty which arises in treating restricted extensions of Lie algebras. 
Now we assume that M, L, and Ẹ are restricted Lie algebras, and that ¢ is a 
“restricted ” homomorphism of # onto L, i. e., p (el) == (p(e) )!, for every 
ee li, The pair (F, +) is then called a restricted extension of M by L. It is 
clear that M is a restricted Z-module in this case. It is here appropriate 
to study the restricted automorphisms & of (#,¢). If, as above, we write 
a(e) —e+f(p(e)), the condition that a be restricted is easily seen to 
amount to the condition that er- f(r) = f(s) — (f(z))™!, for all 
zel. In fact, for ee E and meM, condition (3) on the p-map gives 
(m + e) — mir) + eWl +. ert. m, as is seen from our determination within 
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E of the term o{m,e). Our assertion concerning f follows at once from this. 
This result suggests that, in order to obtain interpretations for the restricted 
cohomology groups in connection with Lie algebra extensions, we should 
consider restricted extensions in which the kernel M is “strongly abelian,” 
in the sense that MUI — (0), as well as [M, M] = (0). If M is strongly 
abelian the above shows that the canonical image of H,,1(L, M) is precisely 
that subspace of H*(L, M) which corresponds to the restricted automorphisms 
of (E, ¢). | 

In general, two restricted extensions (#,¢) and (’,¢’) of M by L 
will be called similar if there exists an ordinary Lie algebra isomorphism y 
of E onto E’ which leaves the elements of M fixed and for which ¢’y = ¢. 
If, furthermore, y can be so chosen that y(el?!) = (y(e))'#!, for all ec F, 
we shall say that (#,76) and (£”, ¢’) are equivalent. 

We place ourselves in the situation where we are given an L-module M, 
and we consider the set ext(M, L) of the similarity classes of those extensions 
of M by L which induce the given L-module structure in M. As is well 
known, ext(W, L) carries the structure of a vector space over the base field F, 
and there is a canonical isomorphism of ext(M, L) onto H7(L,M).2 If L is 
a restricted Lie algebra and M is a restricted L-module we can consider the 
subset ext, (M, L) of ext(M, L) which consists of the similarity classes of 
the restricted extensions. The relation of similarity is so weak that, in con- 
sidering exto(M, L), the actual p-maps in the extended algebras have little 
influence, although the requirement that they should exist cannot be neglected. 
The resulting simplification is expressed by the following lemma. 


Lemma 3.1. Every restricted extension of M by L is similar to one in 
which M is strongly abelian. | 


Proof. Let (E, ) be a restricted extension of M by L. It follows at once 
from condition (1) on the p-map that M?! must be contained in the center 
of E. If we denote by ME the subspace of M consisting of all elements that 
are annihilated by L in the given L-module structure of M, this can ‘be 
expressed by the inclusion M! C ML. The restriction to M of the p-map in 
E is a “ p-semilinear ” map of M into ME, in the sense that we have, for ae F 
and m;e L, (am, + am) P] == a,?m,'! + gm, This is seen at once 
from conditions (2) and (3) on p-maps, noting that M is abelian. We can 
evidently extend this map to a p-semilinear map k of # into MŁ. It is then 


e The constructions which are needed in this connection will appear in our proofs 


below. The 0-element of ext(M,L) is the class of the trivial extension which contains 
L as a subalgebra. 
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easily seen that the map e— e®) == eP] — kb(e) still satisfies the conditions 
for a p-map. If E is equipped with this new p-map, we have a restricted 
extension of M by L which is similar to the given extension by the identity 
map of # onto E, and in which M is strongly abelian. 

A first consequence of this result is that ext,(M,L) is a subspace of 
ext(M, L). In order to prove this, we must recall the definition of the vector 
space structure in ext(M, L). The subtraction in ext(4f, L) is the map 
which is induced. by the following composition of extensions (#,¢) and 
(H’, 6’). Let D denote the subalgebra of the direct sum of E and & which 
consists of all elements (e,e’) in which p(e) = ¢’(e’). Let J be the ideal 
of D consisting of the elements (m, m), with me M. In D/J, we identify 
(M, M)/J with M by means of the homomorphism (m,, Ma) — m,— m, whose 
kernel is exactly J. The homomorphism (e, e’) >¢(e) induces a homo- 
morphism y of D/J onto L, and (D/J, 4) is the extension of M by L which 
represents the difference of the similarity classes of (E, b) and (#’,¢’. Now 
if (E, pb) and (L’, ¢’) are restricted extensions, we can define a p-map in D 
by setting (e, e’) D] == (elm, e’l7l), Since this maps J into itself, it induces 
a p-map in D/J, with which (D/J, y) constitutes a restricted extension of 
M by L. Hence exto(M, L) is a subgroup of ext(A/, L). 

The scalar multiple of the similarity class of (FE, b) by an element ae F 
is the similarity class of the extension defined as follows. First construct a 
Lie algebra (E, M) whose space is the direct sum of Æ and M, and where 
the commutation is defined by the formula 


[ (es, Mi), (€z, M2) | = (Lez, Ep], &1 ` Ma — ez ' Mı). 


Let Ja be the ideal of (E, M) which consists of the elements of the form 
(m, — am), with meM. In (E, M)/Ja identify (M, M)/Ja with M by the 
homomorphism (Mı, m2) —> amı + m, whose kernel is Jy. Let # be the 
homomorphism of (E, M)/Ja onto L which is induced by the homomorphism 
(e,m) — (e). Then the similarity class of ( (E, M)/J,,#) is the desired 
_a-inultiple of the similarity class of (FE, ẹ). 

We wish to show that multiplication by « maps ext,(M, L) into itself. 
By Lemma 3.1, every element of exto( M, L) is represented by a restricted 
extension (#,¢) in which M is strongly abelian. In that case, the map 
(e, m) —> (e, m)l?l == (ell, e?-1-m) annihilates (M, M) and therefore induces a 
p-map in (E, M)/Ja (which annihilates M). With this p-map, (2, MY/J a, Y) 
is a restricted extension of M by L (in which M is strongly abelian). This 
completes the proof that ext,(M, L) is a subspace of ext(M, L). 

Now denote by H-?(L, M) the image of exto(M, L) in H?(L, M), by the 
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canonical isomorphism of ext(J/, L) onto H?(L, M). We wish to characterize 
H,?(L,M) in terms of cohomology theory. Let f be any Lie 2-cocycle for L 
in M. We consider an extension of M by L whose similarity class corresponds 
to the cohomology class ¢ of f, by the canonical isomorphism. Such an exten- 
sion is the following. The underlying space of the extended algebra is 
the direct sum of L and M, and the commutation is defined by the formula 
[ (2, m), (£1, m) ] = ([2, t1], £ max: m+4f(z,x)). The homomor- 
phism onto Z is the map (x, m)—>x. It is easy to verify that we have 


PA 
D (2,0)? (21; 0) oo ([2!, wv, |, keg (21) J; where ka (21) = = x f(z, Dpt (z1) )- 
. 4=0 


If we apply Diso)? to the commutator [ (2,0), (t2 0) | and express the fact 
that Dizo)? is a derivation, we obtain 
e [Ta Ta 2}) + ginl . FC, Ta) 
E lal) diais k (1) A f(a, [ofi, tal) + fC [ cil, 2; |, T2). 


If we write fy(z) — f(z, y), this relation means precisely that, for each fixed 
reL, kz-+ fem is a Lie 1-cocycle for L in M. 
If f is a coboundary, 8g, we obtain 


k(t) = 2,2: (e g(DeP*(x,)) — D Pa) 90) — (DH) 
— 0- g(a) — g (Leth, 4]) — S D(a) - g(a). 


Now the identity (valid in any commutative ring) 


k-3 
uë — (u—v)* = v Dui(u—v)fri 
4=0 


shows that 
> i ri Ss 1) k k-1- jm} 
Zu (u v) = 2 ( VG 44 vi. 


If we specialize this to the case where u is the left multiplication by + in Rr 
and v is the right multiplication by v in kr, we find that 
(1) S 2'DF*+(a4) = z (=G Ti yeaa, 
imo 
Set k = p in this relation wad substitute the result in the above expres- 
sion for k,(2,). This gives | 


keg (1) = pln]. g (21) — g ([2™, vl) — Ly $ g (2), 
whence 


ke (a1) + f (a1, 217!) = a, + (g (21) — a? *- g(x)). 
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It follows that the cohomology class of ks- faim depends only on the 
cohomology class € of f. We shall denote it by c(æ). 

If ce H,?(L,M), we can define a p-map in our extended algebra so as 
to obtain a restricted extension of M by L. Write (2,0)?! — (cll, p(x)). 
Then, since Dico? == Dot, we must have kele) = f (£, s1) — a1: p(x), 
i. €., ke + fan = 8(— p(z)), so that ce(s) — 0. 

We wish to prove, conversely, that if ce(s) —0, for all we L, then 
ce H,*(L,M). We can find an associative 2-cocycle g for Rr* in M which 
represents the given cohomology class ce H?(L, M). If 


f(t, y) =9(2,y) — g(y, x) 


then f is a Lie 2-cocycle belonging to c. If we express k,(%:) in terms of 
values of g we obtain, after some obvious simplifications resulting from the 
fact that g is a cocycle, 


ka) = g (2, 2) — S g (2D (21), 2). 
By the above identity (1), this becomes | 
ka(21) = g(a, 21) —g(a,2?", £) 
= g (2P, 1) — g (Ta, 2) — T1 ` g(a", æ). 
Hence ¢(z) has the representative 1-cocycle g's, where 
J'a (21) = g(a? — ail, a) — g (a1, a? — gi). 


This expression for g's shows at once that the map æ— c(x) is a p-semi- — 
linear map of L into H+(Z, M), and that if c(<) = 0, for all ce L, we can © 
find a p-semilinear map o of L into M such that we have identically 
9'2(%1) == %,:a(z). Now we define a p-map in our extended algebra by 
setting (a, m) == (£81, gt- m + g(a, æ) —o(x)). Condition (2) for 
a p-map is evidently satisfied. The verification of conditions (1) and (3) 
requires some computation. By induction on k, one finds that 


D (2m) (C1; M) ” at 
= (Da), oF my — X vtDgt-*(a,) -m + X at: f(a, Da -*(x,))). 
4=0 4=0 
If we write the terms of the last sum on the right in terms of values of g, 
k=1 
we find that it is equal to g(a*, s1) — X, g(a‘ D” t(s), s). If we take k = p 
4=0 
and use the above identity (1) we obtain 


Damas M) = ([2"?), 2], cle + m, — rar -m + g(a, m) — ghe, x)), 
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which is easily seen to be equal to [(x,m)'!, (z,,m,)].° Thus our map 
satisfies condition (1). 


A 


If, in our identity (1), we put k — p — 1 and note that F 1) is con- 


gruent to (— 1)* mod. p, we find that S D Pi (x) =— S g??-i¢.a). Now 
4=0 3=0 


we operate in the polynomial ring R2|£] as in our discussion of the p-map, 
in section 1. Rewriting our above result for Dism” (T1, Mi), With k == p — 1 
and with (zı, m,)t + (x, m) in the place of (x, m), and using the last 
identity with z,¢ + æ in the place of x, we obtain 

Dimm) tale,m) (Tis m) = (Data? * (21), q(t) J; 


where g(t) is the polynomial in ¢ with coefficients in M which is obtained by 
expanding the expression 


(at + 2392 m, +S (aut + a) (at + 4) - (mit + m) 
+ gost + a), a) +B ont + ar (ait + 2), Gt +2). 


It is seen at once from this expression that q(t) is the formal derivative 
with respect to ¢ of the polynomial obtained by expanding the expression 
(ait + x)? (mt + m) + g(t + r), (ait + x)). Note that this implies 
that q(t) is actually of degree less than p—1. If we formally integrate 
g(t) with respect to ¢, regarding it as a polynomial of Coptes p—2, and 
then put t — 1 we obtain therefore 


(a, + 2) (m, + m) + g(a. + 2), (x, + 2)) 
— TP Ma — g(a? *, 21) — a: m — gr, à); 


namely those terms of the last expression in which the exponent of ¢ is 
greater than 0 and less than p. On the other hand, the component in M of 


((z, m) sj (z, m))!”! is 
(21 + 2): (amy + m) + g(r + ©)”, (@ + £)) — ole + 2). 


Hence we see that the formal integral of q(t) is precisely the component in 
M of the element ((x, m) + (a, m,))”! — (a, m)le] — (zı, m,)”!1. By what 
we have seen in our discussion of section 1, this means that condition (3) is 
satisfied by our p-map. Hence we have the following result. 


THEOREM 8.1. Let L be a restricted Lie algebra, M a restricted L- 


° It is here that the relation g’,(a@,) = æ,.a{æ) is used. 
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module. Denote by S(L,H'(L,M)) the space of all p-semilinear maps of 
L into H*(L,M). For an associative 2-cocycle g, let g’ be the function 
defined by g'a(y) = g (x? — lv], y) — g (y, a? — xl). Then the map g >g 
induces an F-linear map of H?(L, M) into S(L, H*(L,M)) whose kernel 
is precisely the subspace Hè (L, M) that corresponds to the restricted esten- 
sions of M by L. 


We shall now look at our situation more closely from the following 
point of view. We suppose that we are given a restricted Z-module M, 
together with a p-semilinear map of M into M”. Then M has also the 
structure of a restricted abelian Lie algebra. We shall refer to these data 
by saying that M is given as a restricted abelian Lie algebra on which L 
operates. The object to be investigated is the set ext,(M,L) of the equi- 
valence classes of those restricted extensions of M by L which induce the 
given Z-module structure and p-map on M. If we assign to each such 
equivalence class the similarity class to which it belongs we obtain what we 
shall call the canonical map of ext, (M, L) into ext(M, L). It is clear from 
Lemma 8.1 that, no matter what the given p-map in M actually is, the 
canonical map sends ext„ (M, L) onto exto(M, L). Furthermore, it is clear 
from our discussion of the vector space structure in exto(M, L} that ext,,.(M, L) 
can be given the structure of an abelian group such that the canonical map 
‘onto ext, (If, L) is a group homomorphism. In fact, this is done by means 
of the same composition of extensions which we have used for making 
exto( M, L) into an abelian group. Furthermore, our earlier discussion shows 
that, in the case where M is strongly abelian, our previous construction (for 
exto(W,Z)) yields also scalar multiples in ext. (M, L) so that ext, (M, L) 
becomes a vector space, and the canonical map onto ext,(M, L) is an F-linear 
map. In the general case, we do not obtain a vector space structure in 
ext, (Mf, L). 

Next we wish to describe the partitioning of a similarity class c of 
restricted extensions of M by L into a set S, of equivalence classes. Let y 
be a similarity isomorphism of a restricted extension (FE, b) onto a restricted 
extension (/i’,¢’). For ee E and me A, we have then 


(ef mt) = y(t} mated A eP- m) — (elI) 4 mle) 4 or « m, 
while 
(yle + m))™ = (y(e) + m) = (y(e)) P + mie! + yhe): m. 
It is seen from this that y(el?l) — (y(e))™! depends only on the coset of 


e mod. M, so that we may write this difference in the form g(¢(e)), where g 
is a map of L into M. Our discussion of condition (3) for a p-map shows 
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that.we have here y(o(e:, 62)} —o(y(e:),y(e)). It follows from this that 
g is p-semilinear. Furthermore, for z = ¢(z) e L, we have 


w-g(d(e)) =y(z) > (er) — (y(e)) ®!) = (Lz, e™]) + Dyw? (y(2)) 
= y([2, e1) + y(DP(z)) = 0, 


so that g actually maps L into M”. Thus g belongs to the space S(L, M£) 
of the p-semilinear maps of L into M+. Now denote by Ep the restricted Lie 
algebra which is obtained from Æ by changing the p-map to 


e —> e% — ole) — g ($(e)). 


Then (Ep $) is a restricted extension of M by L and y is an equivalence 
isomorphism of (E, ẹ) onto (H’,¢’). Conversely, if g is any p-semilinear 
map of L into ME then (#,,¢) is a restricted extension of M by L which 
is similiar to (FE, ¢). | 

With every g e S(L, M?) we associate the transformation g* on ext..(Hf, L) 
which is induced by the map (£,¢) — (Ep). We have just seen that 
g*(Se) CS and that S(L, M?) operates transitively on each Se The 
transformations g* are actually group translations in ext,,(M,L). In fact, 
let So denote the 0-element of ext. (M, L), i.e., the equivalence class of the 
trivial extension. Then, for any s e ext. (M, L), we have g*(s) = s + g*(so), 
as is easily seen from the definitions. Furthermore, the maps g—g* and 
g — g” (So) are group homomorphisms, as a glance at the definitions will show. 

Next we shall determine the kernel of the map g—g*. Suppose that 
£ is an equivalence isomorphism of (Ep, $) onto (Ess). Denote the 
p-maps in E, and Ep by e— et and e— e®, respectively. We write 
f(e) =e-+-h(¢(e)), where h is a Lie 1-cocycle for L in M, as we did 
when we studied the automorphism of an extension. If we write out the 
relation £(etr}) == (€(e))™ we find that we must have, for every ce JL, 


g2(%) — gı (27) = the) —h (2) + (h(2))™. 


We write this as Js — gı = h’. Conversely, let h be any Lie 1-cocycle for L 
in M. We know that A is the restriction to L of an associative cocycle f 
defined on Rr*. Hence 


W(x) = 2 f(x) —f (20) + (A(2)) H = f (2 — a) + (h(2)), 


whence we see that h’ is p-semilinear and takes its values in M4. Thus we 
have a corresponding extension (H,-,¢), and the map e— éle) = e + h(d(e)) 
is an equivalence isomorphism of (#,¢) onto (Ex, $). Hence the kernel 
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of the map g — g* is precisely the image in S(L, ME) of the space Z1(L, M) 
of the Lie 1-cocycles for L in M, under the above linear map k — K. 

By the above, the map g —> g* (sə) of S(L, M£) into ext,,(M, L) has 
exactly the same kernel, while its image is precisely the kernel of the canonical 
homomorphism of ext, (M, L) onto ext, (M, L). Thus we have the following 
result. 


THEOREM 3.2. Let M be an abelian restricted Lie algebra on which the 
restricted Lie algebra L operates. Then the linear map h—>h’ of Z21(L, M) 
into S(L, ME), where k (£) = 2? - h(x) — h (<1) + (h(£))™, the homo- 
morphism g—g*(s) of S(L, ME) into ext,,(M,L), and the canonical 
homomorphism of ext, (M, L) onto exto(M, L) constitute an exact sequence 


Z1(L, M) — S (L, ML) — ext. (M, L) > exto (M, L) > (0). 


From now on we suppose that M is strongly abelian and connect 
ext.(W,L) with H,2(L, M). Suppose that an associative 2-cocycle g for 
U;* in M is given. We construct a corresponding restricted extension of M 
by L as follows. The space of the extended Lie algebra, E, is the direct sum 
of Z and M. The commutation is defined by the formula 


[ (£1, Ma), (Le, Mo) ] = (La, Lo], Di Mo — Lo Mı + g (Tr Te) — g (22, m)). 


The homomorphism ¢, of E, onto L is defined by ¢,(z,m) =x. Finally, 
we define a p-map in E; by setting (x, m)l?l — (all, g? -m + g(z?,2)). 
In fact, in the course of our proof of Theorem 8. 1, we have already seen that 
this map satisfies all the conditions for a p-map. Next we show that the 
equivalence class of our restricted extension (Eg, g) depends only on the 
cohomology class, in H’ (L, M), of g. Let e be any 1-cochain for Ur* in M. 
For (x, m) © Epon set a(z, m) = (z,m + h(£s))e E, It is easy to verify 
as usual that @ is a similarity isomorphism of (Egr, grn) onto (Hy, bo). 
Furthermore, we have 


a( (z, m) P) = a (g, gP -m + g(a, s) +a: h(s) — h(a) ) 
Te (z, r-t -m + g (uP, x) al di h(z)) -o (a(z, m) ) (pl, 
i.e., œ is an equivalence isomorphism. 


Thus, the correspondence g — (Ep, pg) induces a map of H,.?(L, M) into 
ext, (M, L). Now it is not difficult to see that the difference of the equi- 
valence classes of (Ep, db) and (Ess $p) is represented by the extension 
(Ep-g» Pgo). Similarly, the scalar multiple by an element «s F of the 
equivalence class of (H,,¢,) is represented by (Eag bag). Hence our map 
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of H,°(L, M) into ext, (M, L) is an #-linear homomorphism. We shall see 
that it is actually an isomorphism. 

Suppose that (Ep, $) is a trivial extension. ‘This means that there is 
a restricted isomorphism # of L into E, such that dy is the identity on D. 
Write y(x) = (x, —h(zxz)). Then we have 


gay) —9(y, £) =s: h(y) — y" h(s) —h([a, y]), 
and 
g (2, 2) = 2? 1- h(x) — h (x), 


The first relation means that the Lie cocycle corresponding to g is a co- 
boundary. Now this Lie cocycle is also the Lie cocycle which correspond 
to the associative 2-cocycle g° for rt in M, and we conclude that g° is 
also a coboundary, i.e., there is a i-cochain € for Ert in M such that 
g ° (u, v) =u: c(v) —e(uv), for all u, v in Rr*. If o is the restriction of 
c to L then c’ —h is evidently a Lie 1-cocycle, and therefore coincides with 
the restriction &’ to L of an associative 1-cocycle k for Rr* in M. Replacing 
c by c— k, we may therefore assume that c’ == h. Then we have from the 
above g (a1, x) == 271. ¢(x) —e(2)), for every ze L. But this means that 
c(a?) == e(z), i.e., c vanishes on Pz, so that c= f°, with f a 1-cochain 
for Uzt in M. Clearly, we have g — ôf, and so we conclude that our homo- 
morphism of H,” (L, M) into ext.(W, L) is an isomorphism. There remains 
to show that it maps H,.?(L, M) onto ext. (MW, L). 

Let (E, ¢) be a restricted extension of M by L. The homomorphism ¢ 
can be extended uniquely to a homomorphism ¢’ of Uy onto Ur such that 
d’(1)—1. The kernel of ¢’ is the ideal UM of Un which is generated by 
the elements of M. We claim that the identity map of M onto M can be 
extended in one and only one way to a Uz-homomorphism of UzxM onto M, 
each being regarded as a Un-module in the natural fashion. Clearly, there 
can be at most one such map. Let (m;) be a basis for M over F. We claim 
that if 2 um — 0, with ue Un, then each u must actually belong to UrM. 


In fact, if we multiply our relation by the product of the elements m1, 
where 4 ranges over all the indices which occur in the sum, with the exception 
of one of them, say 4 — 1, we obtain umm?! - -mp = 0. If we write 
u, as a linear combination of ordered monomials in the elements of an ordered 
basis of Æ which contains the m; we see at once that this last relation implies 
that u: € UM, and this suffices to establish our claim. Hence there exists a 
map y of UgM onto M such that 2 UM) = pe (u) m, and it is evident 


that y is a Uy-homomorphism. 
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Now let y-be a linear map of L into # which is inverse to ¢. We can 
extend y to a linear map y’ of Uz into Up such that ¢’y’ is the identity map 
on Ur. For z and y in Ur’, we now set g(a, y) = yy (oy (y) — (ey), 
noting that wW/(x)y’(y) — y (xy) lies in the kernel of #”, i. e in UnM. Now 
observe that, for ee # and meM, we have me == em — ġ(e):m, whence 
y(me) == 0. Hence we conclude that y maps Un MUp* into (0). Using this, 
it is easily verified that æ- g(y, z) — g(zy, z) + g(a, yz) = 0, for all z, y and 
z in U;*, which means that g is an associative 2-cocycle for Urt in M. 

Now we shall show that (FE, 4) is equivalent to (Ep, ġo). Define a map 
a: H,—-»H by setting a(x, m) —#(x) +m. Then we have 


a([ (as, Mi), (me, Me) ]) 
== W([1, G2]) + Tr Mo — Ta * Mi + G(r, Te) — g(Le, M1) 
= (Le, T2]) + ti Mo — ta mM, + (ue), m2) ] — Y([ 41, 22])) 
== [Y(21), Dee) | + E me — Ta + Mm, = af, M1), are, M2) ], 
whence @ is a similarity isomorphism. Furthermore, 


(a(x, m)) P = (y(2)) P 4 aP m, 


while 
a( (2, m) 1) = y (al) + g (aP, ©) -H a> m. 
But we have 
g (2, 2) = y (2P )y (1) =y (2*)) 
= (¥ (2)? — y (2) ) = (y(2)) H — y (aim, 


whence (a(x, m)) P] == a((z,m)!?1), i.e, œ is an equivalence isomorphism, 


Hence our map H° (L, M) — ext, (M, L) is an isomorphism onto, and 
our above construction yields its inverse. We have therefore obtained the 
following result: 


THEOREM 3.3. Let M be a strongly abelian restricted Lie algebra on 
which the restricted Ine algebra L operates. Then there is a canonical iso- 
morphism of ext,.(M,L) onto H’ (L, M) such that the following diagram 
of canonical F-linear maps 1s commutative: 

ext. (M, L) Hx (L, M) 


Ÿ Ÿ 
exto( M, L) — H,?(L, M). 
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In the case where M is strongly abelian, we can replace Z*(L, M) by 
H*(L, M) in the exact sequence of Theorem 3.2. Taking account of Theorems 
3. 1 and 2. 1 also, we find that, for every restricted L-module M, the following 
sequence is exact: 


(0) > H,2(L, M) > HL, M) > 8(L, M?) 
> H,2(L, M) > H?(L, M) > S(L, H'(L,M)). 


We shall compare this sequence with that obtained at the end of section 
1, which involved the relative cohomology groups H"(C(M)/C°(M)). An 
element a e H1(C(M)/C°(M)) is represented by a cochain f e C(M) such that 
ôf e C°(M). Thus f is a linear map of Rr* into M such that u- f(v) — f(ur) 
depends only on the cosets mod. Pr of u and v. Now define a p-semilinear 
map g of L into M by setting g(x) — f(x? — xl). It is seen immediately 
that g does not depend on our particular choice of the representative f, but 
only on a. Furthermore, a direct verification shows that g e S(L, MF). Hence 
the correspondence a — g is actually an F-linear map of H:(C(M)/C(MH)) 
into S(L, ML). We shall denote this map by yı. Similarly, we shall define 
an linear map y; of H?(C(M)/C(M)) into S(L, H'(L, M)). In fact, 
an element a e H°(C(M)/C°(M)) is represented by a cochain fe C(M) such 
that fe C(M), i.e, by a bilinear map f from R;* to M such that 
uw: f(v, w) — f(uv, w) + f(u, vw) depends only on the cosets mod. Pr of u, v, 
and w. For ceL, we now set go(u) = f(a? — g, u) — f(u, 2 — cl). 
Then, as we know already from Theorem 3.1, the map æ— 9. induces a 
p-semilinear map of L into H'(L,M). Furthermore, it is seen immediately 
that the cohomology class of gs does not depend on our particular choice of 
the representative f, but only on a. If we denote this by ya(a), we have the 
desired F-linear map y: of H?(C(A1)/C°(M)) into S(L, H*(L,M)). Now 
let us consider the two exact sequences with the connecting maps y;, y2, and 
identity maps, as shown: 


Hp (L, M) > H*(L, M) H*(C(M)/C°(M)) 
f f pr 
H (L, M) -> HL, M) S(L, ML 
| > H.2(L, M) = H°(L, M) > H? (0 (M) /C (M) ) 
T $ $y: 
> H,2(L, M) > H°(L, M) > 8 (L, E+ (L, M) ). 


It can be verified from our definitions of these maps that this diagram 
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is commutative, and a familiar argument shows that y, is an isomorphism 
onto and that y, maps the image of H?(Z,M) in H?(C(M)/C°(M)) iso- 
morphically onto the image of H?(1, M) in S(L, H*(L, M)). 

This suggests that the bottom sequence may be continued, preserving 
exactness, with a map S(L, H1(L, M)) H (L, M). Such a continuation 
would be of interest in connection with the interpretations of the 3-dimensional 
cohomology groups with which we intend to deal in a later paper, but to 
which the next section is already an introduction. 

Finally, we observe that it should be possible to prove these cohomology 
results, without making any use of the interpretations of the cohomology 
groups, by filtering the associative cochain complex for Rzr* in M relative to 
the ideal Pz and considering the spectral sequence which arises from such a 
filtration. This procedure would amount to a slight modification of that of 
Kung-sing Shih, in [7]. 


4, Non-abelian kernels. In the case of groups, it is well known that 
the enumeration of the extensions of an arbitrary kernel can be reduced to 
that of the extensions of the center of that kernel.° The analogue of this 
reduction, for the case of associative algebras, is contained in [4], and it is 
clear that the case of Lie algebras can be dealt with in the same way. In the 
case of restricted Lie algebras, one has to augment the ordinary procedure 
by the appropriate considerations relating to the p-maps. We shall briefly 
indicate the resulting theory for this case. The case of ordinary Lie algebras 
will then be contained implicitly in our discussion; one merely omits every- 
thing which relates to the p-maps. | 

We begin by recalling some of Jacobson’s results on derivations of 
restricted Lie algebras. A derivation £ of the restricted Lie algebra M is 
said to be a restricted derivation if ¢(m!?!) — D,?*(£(m)), for every me M. 
Observe that every derivation £ of M can be extended uniquely to a derivation 
¢* of Ry which annihilates the base field F. One sees immediately that ¢ 
is a restricted derivation of M if and only if £* annihilates the elements of 
the form m?— ml], From this it is evident that if ¢ and + are restricted 
derivations of M, so are @ and [¿, r] = ér — rë. Hence the space Do (M) 
consisting of the restricted derivations of M, with the usual commutation, 
and the p-map ¢-> ¿P == &, constitute a restricted Lie algebra. 

Now let Z be another restricted Lie algebra, and consider a restricted 
extension (F, ġ) of M by L. Choose a linear map p of L into # which is 


19 See [3], which also gives an account of similar results due to R. Baer. 
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inverse to ġ. With each x e L, associate the derivation £ of M which is effected 
by the element p(x) of E, i.e., £(m) = [p(x),m]. Condition (1) on the 
p-map in # implies that ¢ is then a restricted derivation of M. Let I(M) 
denote the set of the inner derivations of M. It is immediate that I (M) is a 
restricted ideal of D,(M}, in the sense that I(M)™ CI(M). The above 
correspondence v—>¢ induces a homomorphism of E into D,(M)/I(M). 
Furthermore, it is easy to verify that this homomorphism is a restricted 
homomorphism of L into the restricted Lie algebra D.(M)/I(M). Finally, 
this homomorphism evidently depends only on the equivalence class of the 
restricted extension (FE, ¢). | 


We suppose that we are given a restricted Lie algebra M and a restricted 
homomorphism of L into the restricted Lie algebra D)(Jf)/I(M). We shall 
refer to this structure by saying that we are given a restricted Z-kernel M. 
If N denotes the center of M, then N is a restricted abelian Lie algebra on 
which L operates, in the sense defined in the previous section. Clearly, it 
means the same if we refer to this structure by saying that we have a 
restricted abelian Z-kernel. We shall call this the nucleus of the restricted 
L-kernel M. 


In accordance with our earlier notation, we shall denote by ext. (A, L) 
the set of equivalence classes of those restricted extensions of M by L which 
induce the given £-kernel structure on M. The chief tool for our reduction 
of ext, (M, L) to ext.(N, L), where N is the nucleus of M, is a composition 
which associates with an element we ext..(Wf, L), and an element v £e ext,,(N, L), 
an element y + v e ext,,(M, L). As the notation suggests, this is an evident 
extension of the addition in ext (N, L). We shall describe this composition 
briefly. | 

- Let (#,¢) be a restricted extension of M by L which belongs to the 
equivalence-class u, and let (T7) be a restricted extension of N by L which 
belongs to v. Let D denote the subalgebra of the direct sum of F and T 
which consists of all elements (e,t) in which ¢(e) = +7(t). Let J be the 
ideal.of.D consisting of the- elements (n,—n), where ne N. In D/J, we 
identify (M,N)//J with M by using the homomorphism (m,n) — m + n, 
whose kernel is exactly J. The map (e,t) >¢(e) induces a homomorphism 
y of D/J onto L whose kernel is M. The map (e, t) — (el, t1) induces 
a p-map in D/J, because it sends J into itself. With this p-map, (D/J, 4) 
constitutes a. restricted extension of M by.L whose equivalence class is easily 
seen to depend only on u and v, and which is the desired composite u + v. 
It is easy to verify that this composition has the properties suggested by the 
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notation. In particular, u + 0 = u, and (u + v) +v =u + (0 + v). Also, 
if u + v = u, it follows that v == 0." 
The reduction theorem can now be expressed as follows: 


THEOREM 4.1. Let L be a restricted Lie algebra and let M be a restricted 
L-kernel. Let u be any element of ext. (M, L), and let N denote the nucleus 
of M. Then the map v — u + v of ext (N, L) into ext (M, L) is 1-1 and 
sends ext (N, L) onto ext.(M, L). 


Proof. We shall prove only the second statement in detail. Let (E, ¢) 
be a restricted extension of M by L which belongs to the given equivalence 
class u. Let £* be the restricted Lie algebra which is obtained from # simply 
by changing the sign in the commutation. More precisely, we have an anti- 
isomorphism e—>e* such that [e, f]* = — [e*,f*] and (e*)@] == (elzl)*. 
Let (E, ¢:) be any restricted extension of M by L which induces the given 
L-kernel structure in M. Let D denote the subalgebra of the direct sum of E, 
and Æ* which consists of those elements (— e, e*) in which ¢:(e,) = ¢(e) 
and also [e,, m] = [e, m], for all me M. D is a restricted Lie algebra (with 
the p-map defined component-wise, as before) and the map (— e, e*) -— ¢(e) 
is a restricted homomorphism of D into L. Using that (Ei, ¢,) and (F, ¢$) 
induce the same Z-kernel structure on M, it is easy to see that this homo- 
morphism actually maps D onto E. The kernel K of this homomorphism 
consists of all elements of the form (— m, (m -+ n)*), where me M and 
neN. Let J be the ideal of D consisting of the elements (— m, m*), with 
meM. In D/J, we identify K/J with N by means of the homomorphism 
(— m, (m+n)*) = n whose kernel is precisely J. Since the p-map in D 
sends J into itself, D/J is a restricted Lie algebra. If r is the restricted 
homomorphism of D/J onto L which is induced by the above map (— e, e*) 
—» — $(e), then (D//,7) is a restricted extension of N by L which represents 
an element ve ext, (N, L). 

We claim that the equivalence class of (4, ¢1) is the composite u + v. 
In order to see this, we must exhibit an equivalence isomorphism of the 
composite (G, y), say, of (#,¢) with (D/J,7) onto (E, 1). An element 
g £ G is represented by a triple (e’, — e:, e*), where ¢:(e,) == le) = — p(e”). 
Hence e + ee M, and we can form (e -+ e’) —e, in F. It is easily seen 
that this element of E, does.not depend on the particular choice of the repre- 
sentative triple, but only on g. Hence we may define a(g) == (e + g) —e.. 
Clearly, we have pa = y. An element me M is represented by the triple 
(m, 0, 0), whence it is clear that a leaves the elements of M fixed. Evidently, 
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a maps G linearly onto H;. If a(g) = 0 we have e; == (e + e’) eM, whence 
also ee M and e'e M. Hence ge M, and therefore g == a(g) —0. Hence a 
is 1-1. Now let g, and g, be two arbitrary elements of G and choose repre- 
sentative triples (e’,—-e:,e*) and (f’,—f:,f*) for gı and ge, respectively. 
Then [g:, g2] is represented by the triple ([e’, F], Len fi], — [e, f]*). Hence 
a([9:,92]) = (Le, F] — [e,f]) + [efa]. On the other hand, 


[a(g a(g) |] =[(e+ &) —a, (fF +f) — fi] 
Hi [(e +e) — e, f +f] — [ (e+ e’) — br fa]. 


Using ‘that e and e,, and f and fi, effect the same derivations in M, this can 
be written 


(Le, + PI ere PE Le, fr] 
eo (Le, f] üg Ce, fl) + Les, fi] = Q ( [Js gel). 


Hence « is an isomorphism of G onto #,. Finally, we have 
(a(g) = (e + e) — e + o(¢ + e, — e), 


where o is the map which occurs in condition (3) on p-maps. We know that 
afe +e, — e) is the formal integral of the polynomial 


Diere’) E i (e + e) - 


Since e and e, effect the same derivation in M, we may here replace e, by e. 
It follows that 


ole + g, — e) =o(e+ e, — e) = (g) — (e+ oe) fl 4. en, 


Hence (a(g))® = ( (g) -+ e) — e, P) = a(g). This shows that is 
an equivalence isomorphism, and Theorem 4.1 is proved. 

As in the case of groups, [3], and associative algebras, [4], the study of 
L-kernels M leads to 3-dimensional cohomology. The procedure analogous to 
that of [3] and [4] leads to 3-cocycles of the Lie type for L in the nucleus 
N of M. In order to extend the technique used above, it would be necessary 
to establish a direct connection between Z-kernels and 3-cocycles of the 
associative type. There are a number of unsolved problems in this direction. 
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: NORMAL COMPLETIONS OF INCIDENCE MATRICES.* 


By MARSHALL Harr and H. J. Ryser. 


1. Introduction. In this paper we consider the problem of arranging v 
elements into v sets, such that each set contains exactly k distinct elements 
and such that every pair of sets has exactly À = k (k —1)/(v—1) elements 
in common (0<A<k<v). The significance of the v, k, À configuration 
is described in detail in [8]. In particular for v = N? + N + 1, k =N +1, 
N = À, and À = 1, the problem is equivalent to determining a projective plane 
with N + 1 points on a line. For v = 4N — 1, k = 2N — 1, and À = N — 1, 
the problem reduces to a determination of a Hadamard matrix of order 4N. 
Finally, we remark that the general v, k, À configuration arises in a natural 
way in statistics, where the arrangements are referred to as symmetrical 
balanced incomplete block designs. 

Let the elements 2,,:--,2Zy be listed in a row and let the setss,,: © -, S» 
be listed in a column. We form the incidence matrix A of the configuration 
in the usual way, by inserting 1 in row îi and column 7 if a; belongs to s, 
and 0 otherwise. The matrix A is of order v and is composed entirely of 0’s 
and 1’s. Clearly A satisfies the matric equation AAT = B. Here AT denotes 
the transpose of A, and B is the matrix with k in the main diagonal and A 
in all other positions. . For incidence matrices, one readily proves that 
ATA = B, so that the incidence matrix is normal. 

It is evident that the matrix B is congruent to the identity, relative to 
the field of raticnal numbers. Bruck and Ryser have utilized this fact for 
the establishment of the theorem on the nonexistence of finite projective 
planes [2]. later this result was extended. by Chowla and Ryser to the 
general v, k, À configuration, and the proof of the nonexistence theorem was 
made independent of the Minkowski-Hasse theory of the invariants of a 
quadratic form [3]. Shrikhande, basing his investigations directly on [2], 
independently derived the result on the nonexistence of v, k, À configurations 
[8]. Further results, with emphasis on the cyclic case, may be found in 
Hall and Ryser [4]. In summary, a necessary and sufficient condition in 
order that the matrix B of even order v be congruent to the identity is that 
k — À be a square. For v odd, the condition is that the norm residue symbols 
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satisfy (k —A,—1),"%)/" (k—d,v)p—-+ 1 for every odd prime p. The 
latter condition is equivalent to.asserting that the Diophantine equation 
g? = (ke —r)y? + (—1)@/*rz? possesses a nonzero solution in integers. 

For the case of the non-symmetric block design, however, the condition 
for rational solvability 1s usually vacuous. But Connor [5] has given certain 
conditions which must be satisfied if a given initial set of blocks can be 
completed to a design. Connor’s conditions may be interpreted as the require- 
ment that a certain quadratic form may not be indefinite. Connor’s con- 
ditions do not yield results for symmetric designs. 

In an effort to obtain results similar to Connor’s for symmetric designs, 
the authors of this paper found entirely contrary results, which are given here. 
The rational conditions for solvability being satisfied, there exists (a) a 
normal and rational matrix satisfying the incidence equation and (b) any 
set of initial rows satisfying the trivially necessary conditions can be rationally 
completed to a normal solution of the incidence equation. Of these results, 
the first generalizes a theorem of Albert [1] and the second is in strong 
contrast to the results of Connor. 


2. Matrix preliminaries. Let A, B, C be symmetric matrices with 
elements in a field F of characteristic 2. Suppose that CO AcC @ B, 
where the notation © denotes direct sum and e denotes congruence in the 
sense that there exists a nonsingular X with elements in F such that 
XT(CHA)X =C B. Then Witts theorem [9] asserts that Ac B. 
Theorem 2.1 which follows is closely related to a theorem of G. Pall [6], 
and will be derived here by the use of Witts theorem. 


THEOREM 2.1. Suppose that AAT— D, @ D.. Here the matrix A is 
of order n and nonsingular. Thè matriz D, is of order r and D, is of order s, 
where r 4- s =n. Let X be an arbitrary r X n matrix such that XXT = D.. 
Then there exists an n X n matrix Z having X as its first r rows such that 
ZZ = D, @ D: This result holds for all fields F of characteristic 2. 


The matrix X is of rank r since D, is of rank r. Thus we may take an 
sX n matrix W of rank s whose rows are a basis for the space annihilated 


by X. Then letting 
x 
a Lin] 


we have FYT = D, @ Da We assert that Y is nonsingular. There exists 


\ 
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a nonsingular C such that CDOT = D, where D = diag[d,,: > +, dr], with 
d;5£0. Thus 


[Feo : 


0 Dd 
— ei 
r= 
be denoted by @,,°--,%,,81,°°°,8s We assert that T is nonsingular. 
For if a,+---+ arar + bibi +: : - bps = 0, then since the inner 
product (a; a;) = diy, with d;540 and &;; the Kronecker delta, it follows 
that a": = dr = 0. But since the B’s are linearly independent, we 


have b, =: + -= b= 0. Thus the determinant | D, | = 0 so that Y is non- 
singular. By Witt’s theorem, there is a nonsingular Æ such that ED, ET = Da. 


But then with 
ee 
=| y 


T = D, 0 |= D, 0 | 
ee Fr ED,ET 0 Det 
THEOREM 2.2. Let w= (2, :,x,) and let y= (Yu " ",Yn) be 
vectors such that 
+ += +. a. = CKO, 


Then there exists an orthogonal matrix O such that tO —y. This result 
holds for all fields F of characteristic =~ 2. 


Let the row vectors of 


we have 


There exists an (n — 1) X n matrix W of rank n — 1 such that 


x=| | satisfies XXT =| ê | 


Since c = 0, it follows as in the proof of Theorem 2. 1, that X is nonsingular. 
By Theorem 2.1, there then exists a matrix 


y—| ¥ | such that YY" =Í € rar 


Evidently the matrix O — XY is orthogonal and we may write 
so & (1,0, + +, 0)XO = (1,0, > -,.0)¥. 
Thus it follows that 7O = y. 
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.Theorem 2. 2 has to do with the preservation of length by rotations. This 
ig well known for the field of reals, but, in particular for the rational field 
to which we wish to apply this result, it is not obvious (without Theorem 2. 2) 
that we can find a rational rotation carrying one vector into another of the 
same length. 


3. Incidence matrices. We return now to the topic of incidence 
matrices, and in the following, B always denotes the v X v matrix with k 
in the main diagonal and à = k(k—1)/(v— 1) in all other positions. 


THEOREM 3.1. Suppose that there is a rational C such that CTC = B. 
Suppose, moreover, that OS = KS, where S is the matrix of all ones. Then 
CCT = B. 


For by hypothesis, 


(3.1) CTC = B = (k—aA)I+A8 
so that : 

(3. 2) CTOS = (k —A)S + wg. 
Thus | 

(3.3) CTS = | (k — A) + Av] k?S = kg 
and, transposing, we have 

(3. 4) SC = kS. 

Hence also 

(3. 5) SC == kg. 

From (3.1) and (3.5), we have 

(3.6) (k — A) = OT — ARTS 
and multiplying (3.6) on the left by C gives 

(3. 7) (k — AJI = CCT — Ak OS, 
whence 

(3. 8) OCT = B. 


The following is a generalization of a theorem of Albert [1]. 


THEOREM 3.2. Suppose that the matrix B is congruent to the identity, 
relative to the field of rational numbers. Then there exists a rational O 
such that COT = OTC =B. ; 
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By hypothesis, there exists a rational À such that 
(3.9) ATA == B. 


Let S again denote the matrix of all ones, and let r; denote the sum of the 
i-th row of A. Then 


(3.10)  . SATAS = SBS = kvg 

so that, calculating the element in the (1,1) position on the right, we have 
(3.11) SO e +--+ r,? = ko, 

Hence by Theorem 2.2, there exists an orthogonal O such that 


Ti k 
(3.12) of =|: |. 
Ty k 


Consider the matrix 


(3. 18) C= 0A. 
Evidently, 
(3. 14) CTC == ATOTOA =B. 


Moreover, by (3. 12), we have 


Tis , ° “ 5 Ty 
(3.15) CS—0O1 : ILES. 
Toy "oo 
By Theorem 3.1, this proves normality. 
We come now to our main result. 


THEOREM 3.3. Suppose that the matrix B is rationally congruent to 
the identity. Let A, be an r X v matrix of Ys and 1’s such that A,A, = By, 
where B, is the rX r matrix with k in the main diagonal and à elsewhere. 
Then there exists a v X v rational matric A having A, as tts first r rows 
such that AAT == ATA = B. 


Concerning Theorem 3.3, we remark that if we are given r rows of a 
v, k, À configuration, then a trivial condition necessary for completion is that 
their pairwise intersections equal À and their sums equal k. This is the 
condition - 
(3. 16) A,A," = B; 
of the theorem. | 

The rational matrix C of Theorem 3.2 satisfies 


(3. 1.1) CTC = COT =B 
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and 
(3. 17. 2) CS = SC = RS. 
Consider the r X v matrix A,C-. This matrix satisfies 
ao (40) (4,02) = A CC TA = ABAT 
== A [(k — A) (I — Akg) ] AT = (k — A) B, — Alk — A), 


where &, is the r X r matrix of all ones. Here we have used not only (3.16), 
but also the fact that the rows of A, sum to k. Thus 


(3. 19) (410) (40T = 1, 


where J is the r X r identity. Hence by Theorem 2. 1, there exists a rational 
Q such that 


(3. 20) a 


is orthogonal. But this implies that 


-1 A0 sak 
(3. 21) posa or [ 40" | =z 
or 
(3.22) [A,T, CTQT] L A — 070 =B. 


Let r; denote the sum of the i-th row of QC. We assert that 
(3. 23) ; pH. b r? = ks, 


where $s = 9 — 7r. For we have 


(3.24) ATA, + (QC)™QC =B, 
whence 
(3. 25) SATAS + S(QC)TQCS = k8, 


and as A, has r rows summing to k, 


(3. 26) S(QC)T(QC)S = k (v —r}S, 
proving (3.23). 
By Theorem 2. 2, there exists an s X s orthogonal matrix O such that 


Ty 
(3. 27) 0 | [= 
Ts 
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where «e, is the column vector of s components all equal to one. Moreover, 


oe 
(3. 28) CRE | 


where € is the column vector of v components all equal to one. Hence it 
follows that 

(3. 29) (OQOC)e = ke. 

We now define 


(3. 30) ie -| 6 a 
Evidently, | 

(3.31) ATA = B. 
But also 

(3.32) Ae = ke, 


and the normality of A follows by Theorem 3. 1. 


4, Integral solutions. In this section we consider the solutions of the 
matric equation AA’ = B, where A is integral. We remark in passing that 
it is easy to show that if also ATA == B, then A is composed entirely of 0’s 
and 1’s or entirely of 0’s and —1’s [7]. 

Suppose now that AAT == B, where A is integral. In this section we 
suppose further that k and k — À are always relatively prime. 
is odd, it has been shown that upon suitable multiplication of the columns 
of A by +1, À is transformed into an incidence matrix composed entirely 
of 0’s and 1’s [7]. The case of k— A even, however, presents additional 
difficulties. We confine ourselves for the most part to the case of the pro- 
jective plane, with k — à =N and v= N?+-N-+1. 

Let sı denote the sum of the 7-th column of A and let ty denote the 
inner product of the i-th and j-th columns of A. We agree to write A so 
that we always have s= 0. In [7] it was shown that s;= 0 (mod k) and 
if we write s;== wk, it was also shown that u? +: -+ u =v and 
ti = Auu; + (k—À)8; where y is the Kronecker delta. 

For the projective plane case, the integral solutions of AAT = B are of 
two types. A solution of type I is defined by the conditions that w,— 1 for 
each 4 A solution of type II is defined by the condition that u,;s41 for 
some 2 For type I, we have s,==-N-+1 and t;—N-+1 for all i. It 
follows easily that solutions of type J are incidence matrices. 


3 





588 MARSHALL HALL AND H. J. RYSER. 


For solutions of type JI, we cannot have uw > N because uy? +: : - + -u,? 
=N? 4N +1. Since g S tu =u 4N and uXPf—(N+1)u+N =), 
we must have some %;, say u: such that u,— N. But then there are N + 1 w 
such that u; = 1 and N? — 1 w; such that w, = 0. Then sı = N? + N and 
fı = N? +N. The first column of A thus has a single 0, and all other 
entries + 1. For convenience, the 0 may be placed in the (1,1) position 
of A. In addition, there are N + 1 columns with s; = tọ N +1. These 
columns have N-+1 ones, and all other entries 0. For these columns 
thui = N : 1 = N, whence one of the 1’s is in the first row. Thus the first 
row consists of N + 1 1’s and other entries 0. 

Upon deleting the first row and column of A, we obtain a matrix C of 
order N? + N such that CC’ = CTC = NI. There are N + 1 columns of C 
composed entirely of 0’s and 1’s. Conversely, if these reguirements are ful- 
filled, then it is easy to construct the integral solution A of type IZ. By the 
results of § 2, it is clear that it is always possible to find rational matrices 
fulfilling these requirements, provided, of course, that NJ is rationally 
congruent to the identity. 

It is much more difficult, however, to determine those values of N for 
which there are integral solutions of type ZI. We conjecture that such solu- 
tions exist whenever N is even, provided only that B is rationally congruent 
to the identity. To substantiate this conjecture, integral solutions are known 
to exist whenever N is the order of a Hadamard matrix [7]. This, however, 
restricts N to the value of 2 or to N==0 (mod 4). In conclusion, we exhibit 
an integral solution for N — 10. Let 


l —1 —1 —1 —1 —1 1 1 1 1 
1 1 —1 —1 —1 —1 —1 —1 —1 —1 
1 l1 — 21 21 1 1 0 0 0 
1 l 1 2-1 —1 0 1 0 0 
xl 1 1-4 2-1 0 0 1 0 
l 1 1 —1 —1 2 0 0 0 1 
1 —1 1 0 0 2 —1 —l —] 
1 —1 0 1 0 6-1 -2 1 #1 
1 —1 0 0 1 0-1 1 —2 1 
1 — 0 0 0 1 —1 1 1 —2 


The matrix X is such that XXT = 107. The matrix C may be formed from 
X by taking a direct sum of X with itself eleven times. From C the desired 
A of order 111 is obtained by adjoining the suitable row and column. ` 
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ON THE 2-DIMENSION AND THE 4-DIMENSION 
OF PARTIALLY ORDERED SETS.* 


By SEYMOUR GINSBURG. 


Let S be an abstract set and K a collection of linear orders defined on $. 
Define a partial order P on S as follows. For any two elements p and g in S 
put p < q in P if and only if p < q for each linear order in K. The partial 
order P so obtained is said to be realized by the linear orders in K. By the 
dimension of a partial order P on a set S is meant the smallest cardinal 
number m such that P is realized by m linear orders. 

The above definition of ‘dimension of a partially ordered set’ was first 
stated by Dushnik and Miller in [2]. They showed that each partial order 
has a dimension. Other papers pertaining to this definition of dimension are 
f1], [8], [6], and [8]. In [6] Komm defined the A-dimension of a partial 
order P on a set S$ as the minimum number of linear extension of P* each 
of which maps $ into the real numbers. He then calculated the A-dimension 
of several partial orders. The purpose of this note is twofold: 


(1) To make some remarks on A-dimension. In particular, the À- 
dimension of the partially ordered set consisting of sequences of real numbers, 
ordered as follows, is shown to be No: (@1,°° +5 n° °°) SS (y, s Ym) 
if and only if 2 = Yn for all n. 


(2) To discuss a new kind of dimension, called A-dimension. A non- 
trivial example is given to show that A-dimension and A-dimension need not 
be equal, even when both dimensions exist. 


1. à-dimension. For each positive integer n denote by En, the set of 
n-tuples En — { (£u © °, Tu’ ° +, En) |t; a real number}. Denote by Ee the 
set Fao = {(2," * *,@,: +) |z; a real number}. Let P(Z,) be the partial 
order on #, which is defined as follows: (21, © °, 8n) < (Y° ° * , Yn) if and 
only if m < y; for each à Let P(E») be the partial order on Ee which is 


* Received July 24, 1953. 

1 The linear order L on a set $ is a linear extension of a partial order P if, for any 
two elements p and g such that p<q in P, then p<g in L. If L is similar to a subset 
of the real numbers, then Z is called a -extension of P. 
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defined, as follows: a," c, ) < (ya, ©, ya, °°) if and only H 
a; < y; for each 4. Let P'(En) and P’(E.) be the partial orders on Æ, and 
E, respectively which are defined as P(#,) and P(Eo) except that “ z; < % 
for each +” is replaced by “x; = y; for each à, and for some f, t; < yj.” 
Let M be a subset of En or Eo. By P(M) is meant the partial order P (En) 
or P(E») acting on M, and by P’(M) is meant +. or P’(E,) on M, 
according as M is a subset of En or Ha. 

In [6] Komm demonstrated that the A-dimension of P’(H,) is Ko. 
Komm’s method however cannot be extended to calculate the A-dimension of 
P’ (Es). In Theorem 1.1 we shall show, by a procedure which is also 
capable of calculating the A-dimension of P’(H,), that the A-dimension of 
P’ (Ba) is No 

Denote by J the open interval (0,1) of the real numbers. Denote by 
Jon the set Jo = { (Tu: °°, Em **)| each te J}. 


Lemma 1.1. There exists a mapping y of J into P'(ES) such that 


(a) a S2, where (x) = (1s, - -,2M,-- -), the x being 
positive integers, 
(B) ifs <y inthe real number system, then w(x) < p(y) in P' (Eo), 
and 
(y) w ts one to one. 


Proof. Hach element of J can be written uniquely as 7 = S u;/2*, where 
¿zi ' 


each t; == 0 or 1, and the tu are not ultimately all 1. Let g™® = u, + 1 and, 
in general, let eD — 22 + una + 1. Let y(x) = (£, -0,0 o). 
There is no difficulty in verifying that the function y satisfies the conclusions 
of the lemma. 


THEOREM 1.1. The À-dimension of P'(E,) ts So. 


Proof. Since J is similar to the real numbers it follows that the two 
partially ordered sets, P’(J.) and P(E») are isomorphic. Now two 
isomorphic partially ordered sets evidently have the same dA-dimension. 
Consequently, in order to demonstrate the theorem, it is sufficient to show 
that the A-dimension of P’(J~) is No. 

(a) We shall now construct the auxiliary functions, f, g, h, and for i 
and 7 any positive integers such that 4 < j, the function py. In (b) these 
functions will play an important role in calculating the A-dimension of P’(/.). 


To define f we first decompose the set of positive integers into a family 
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{W,/1 Sn < o} of pairwise disjoint sets, each set-W, being infinite. For 
each n denote by f, the similarity transformation which maps the positive 
integers onto the set W,, where Wa is ordered according to the natural order 


of the integers in it. To each element m == (%1,° ° -,%,- ° °) of Ja we now 
associate an element f(z) = (a1,: © *, an > +) of Ea in the following manner. 
For each number Tp let y (£n) = (2m © +, 0M,,- + +) where y is the func- 


tion defined in Lemma 1.1. Define ay, to be the element +,. The sets 
W, and the functions f, were constructed in such a manner that for each 
positive integer k, there exists one and only one pair of integers (n,1) for 
which k = f» (t). Therefore the element f(x) = (a, © *,a,,: °°) is well 
defined. From (a), (8), and (y) of Lemma 1. 1, and from the fact that each 
fn is à similarity transformation onto Wn, we see that the mapping f possesses 
the following four properties: 


(a) For each x in Ja, a = 2", where f(x) = (a, - -äm :). 
(8) Ifzx<yin P’(J,), then f(x) < f(y) in P (Eo). 
(y) fisa one to one function. 


(8) P’(J.) and P’(f(J.)) are isomorphic partially ordered sets under 
the correspondence which takes w into f(z). 


We are now going to associate with each element y = (a, --,@,* t) 
of the set f(J.) a complex g(y) = (2ı' **, 2m) of Os and 4’s. Hach 
z; shall be referred to as a coordinate. The first four coordinates of g(y) 
shall be denoted as the first set of coordinates. For i> 1, ne 2, gett L -th 


to the 3 2/-th, inclusive, coordinates of g(y) shall be denoted as the i-th 


178i 
set of coordinates. The coordinates of the 4-th set of coordinates, 1 = 1, are 
defined as follows. Each of the first a, of the coordinates is to be a 4. Hach 
of the remaining coordinates is to be a 0. Note that there are 2** coordinates 
in the i-th set of coordinates, and that a = 21. The function g has the 
following properties : ; 


(8) Ift<yin P’(Jq), then gf(x) < gf(y) in P(e). 

(y) gisa one to one function. 

(8°) P’(f(J,)) and P’(gf(J,)) are isomorphic partially ordered sets 
under the correspondence which takes f(x) into gf(x). 


We now define the mapping A. For each complex z= (z1, © *,%n,° °°) 


of 0’s and 4’s let A(z) be the real number A(z) = > 2n/10*. The mapping 
h has the following properties: si 
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(BY) Ifz<zin P' (Ba), then A(z) < h(z’) in the real number system. 
Furthermore, if z = (24`, 2m °°); Z = (Zot mw °°); 
and 2542’, then if à is the first integer for which 2,56 2’;,, and 
a < Za then h(z)-< h(2’). 

(y) hk is a one to one function. 


Now let à and 7, t < j, be any two positive integers. To each complex 
a == (Gus * °, Q: °°) of Os and 4’s, let pa) = b = (bp: > -,ba,- - :), 
b, being defined as follows. Let s be an index for a coordinate which is in 
the m-th set of coordinates of a. If m<i or m>7 let b,—a,. The 
remaining coordinates of b are to consist of a permutation of the i-th through 
the j-th set of coordinates of a, the coordinates in each set of coordinates 
retaining their order in that set of coordinates, under the permutation. The 
permutation is defined in the following manner. If a = 8,82 : - 8: -- 
where 8, is the n-th set of coordinates of a, then 


b == NINE y SiS Sains nS NERESI I. nt 


3 


(b) We now evaluate the A-dimension of P' (Je). In [6] Komm showed 
that the A-dimension of P’(H#,) is So. Since Fo contains a subset which is 
isomorphic to Æ», the A-dimension of P’(J.) is at least So. To complete the 
proof we shall exhibit 8, A-extensions of P (Je) which realize P (Ja). 

Consider the function k == hgf which maps J, into the real numbers. 
In view of (y), (y), and (y”), k is one to one. Let x < x’ in P’ (JQ). 
From (8°) and (8”) it follows that k(x) < k(x) in the real number system. 
Consequently the function k is a A-extension of P’(J,). In a similar manner 
we see that each of the functions ky = hpygf is a A-extension of P’(J,). In 
order to show that the functions & and ky realize P’(J.), it is sufficient to 
show that for each pair of incomparable elements x and y in P’(J,), there 
exist two of the functions, say o and 7, such that o(t) < o(y) and r(y) < rx). 

To this end suppose that x and y are two incomparable elements of 
P' (Ja). By (5) f(x) = (a, ° ‘sm °°) and f(y) Fr (61, ° a à ) 
are two incomparable elements of P’(H#,). Let à be the first integer for 
which a; s£ b, say a; < bi Since f(x) and f(y) are incomparable elements 
in P’(#,), there exists an integer j such that b; < ay. For s < 4 the s-th 
set of coordinates of gf (x) is identical with the s-th set of coordinates of gf (y). 
Since a; < ba the first b; coordinates in the i-th set of coordinates of gf(y) 
are 4’s, whereas the first b; coordinates in the i-th set of coordinates of gf (2) 
are a; 4’s and (b;— a) Os. This, in conjunction with (8”) implies that 
k(x) =hgf (£) < hgf(y) =k(y). Now consider the two elements k;;(x) 
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and ki(y). The first a; coordinates of pygf (x) which follow the >) 2*-th 


1St<i 
coordinates are all 4’s. The first a; coordinates of pygf(y) which follow 


the $, 2*-th coordinate are, since b; < a, (a; —b;) #s and b; Os. For 
1St<s 
any positive integer s < $, 2/7, if Cs and d, are the s-th coordinates of 
1St<t 


pygf (x) and piygf(y) respectively, then ¢,==ds. Consequently 
kis(y) = hpygf (y) < hpugf (2) = ke). 


Thus the set of A-extensions of P’(J..), {k} U {kaj/i < j} realize P’ (Ja). 
q-e. d. 


Remark. The proof of Theorem 1.1 depended on the construction of No 
d-extensions of P’(J,). In [7] Ruziewicz defined a function ¢(z) and a 
sequence of constants {c,},<. such that the mapping o which takes an element 


(t1,° © *,2n,°* +) of J, into the real number > cih (z) is a A-extension of 
4=1 


P’(J~). There does not appear to be any way of using Ruziewicz’s result 
to compute the A-dimension of P’(J.). 

Consider the A-dimension of P(E,). Evidently we may confine ourselves 
to P(J.). Nowife< yin P(J,), then x < yin P’(J.). This implies that, 
the function k, which was defined in the proof of Theorem 1, 1, is a A-exten- 
sion of P(J,). In [6] it was shown that if a partial order P on a set #, 
of power m, has a A-extension, then the A-dimension of P exists and is = 2m. 
Consequently the A-dimension of P(J..) exists and is = 2%. Now P(#,) is 
of A-dimension 2% by 5.31 of [6]. Since P(Æ.) contains a set which is 
isomorphic to P(Z,), theA-dimension of P(E) is = 2%. As a consequence 
we obtain 


THEOREM 1.2. The À-dimension of P(E.) is 2%. 


We conclude this section with some observations in relation to [6]. 
On p. 517 of [6] there appears the following: 


(*) “Let M be any subset of #, which, except for a denumerable 
number of verticals? has at most one point in common with any vertical. 
Then the A-dimension of P(M) and P’(M) is at most n.” 


For n > 2 this result is not true as is now shown. Let M be the set of triplets 
M = { (#1, Le, Ta) EA zam i To = 1} U { (ti, La, Ta) EZ = 8/2, Te = 3/2}. 
2A set V in Æ, is a vertical, parallel to the æ, axis, if, for any two elements 


@ = (+ + +, Bi, - +, Œn) and y = (Ya -Yp > -3Yn) in F, Ti £ Y; and E =Y) 
for } i. 


a 
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Clearly M satisfies the hypotheses of (*). For each real number & let 
Ly = (1,1, k) and u, = (8/2, 3/2, k). The arguments given in 6.2, 6.8, 
and 6.4 of [6] can easily be applied in the present situation to prove that 
the A-dimension of P(M) and the A-dimension of P’(Af) are both infinite. 

An inspection of the proof of 6.1 reveals that the argument breaks down 
at that point when, after projecting M into z; axis, the claim is made that 
N; is similar to a subset of the real numbers. This is not necessarily true. 
Now 6.4 can be amended slightly to obtain a correct result. By a vertical 
plane in #,, perpendicular to the a; axis, shall be meant the set of those 
points g == (2),: ` *,%,) whose i-th coordinate is k, where k is a constant. 
Then 6.1 becomes true if the word ‘ vertical” is replaced by the words 
‘vertical planes.” In other words 


“ Let M be a subset of En which, except for a denumerable set of vertical 
planes, has at most one point in common with any vertical plane. Then the 
A-dimension of P’(W) and P(M) are both at most n.” 


The proof given for 6.1 then suffices with the following changes. Let 
Qan = {2| r == (2: > e, Zi E, Eu ey) O M. 


For P’(M), Gy is to be mapped into the interval v associated with the point 
k by the function fim, where fy, is a A-extension of G considered in P (Ga). 
For P(M), Gi, is to be mapped into v by the function gfir where gix 18 an 
order reversing mapping of v into itself, i. e., if æ < yin v, then g:z(y) < gix(t) 
in v. | 

In connection with the preceding the following generalization of the 
statement made on lines 20 and 21 of p. 518 of [6] is easily shown. 


“ Let M be any subset of #, which has on each of a non-denumerable set 
of vertical planes at least two comparable points (comparable when considered 
in the vertical plane). Then the A-dimension of P(M) and of P’(M) are 
both infinite.” 


Tf ‘comparable’ is changed to < incomparable ” then the result is no longer 
true. For example consider the set M == F U G, where 


F = { (tn ta t3) fes = 1, tp = 1} and G= { (£i 22, £a) |1 = 8/2, te = 1/2}. 


Let L, be the linear ordering of M which occurs by having each element of 
F precede each element of G, and let L, be the linear ordering of M which 
occurs by having each element of G precede each element of F. Now L, and 
L together realize both P(M) and P’(Af). Thus the dimension of each is two. 
Nevertheless, each vertical plane z == k intersects M in the two elements. 
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The following two problems are still open: 


(1) Characterize those subsets M of Æ, for which the A-dimension of 
P(M) and the A-dimension of P’(M) do not exceed n. 


(2) Can there exist subsets of P(#,) and of P’(#,) which have a finite 
A-dimension > n? 


2. A-dimension. A subset F, of power 2*, of the real numbers is said 
to have property A if no disjoint subsets of E, of power 2% each, are similar. 

The linear order L on S shall be called an A-extension of the partial 
order P on S if L is an extension of P which is similar to a set having 
property A. 

By the A-dimension of a partial order P on 8 is meant the minimum 
number of A-extensions of P which realize P. 

There exist partial orders of power 2% which do not have A-dimension. 
A trivial example is the order on the set of real numbers. ‘To obtam a 
condition on P which ensures that it have A-dimension the following lemma 
is needed. 


LEMMA 2.1. Let G be an ordered sum G == Go +: -+ Gy having 
property A. Let H be a subset of the real numbers which is an ordered sum 
H=H,+---+H,, where the H; satisfy the following condition: There 
exists a permutation f, of the set of integers {ihi & n} such that G*s = H*, 
where H* is the order type of E. Then the set H has property A. 


Proof. Suppose the contrary. Let M and N be two disjoint, similar 
subsets of H of power 2% each. Then for some integer s, HN M is of 
power 2%, Let Q be a subset of N which is similar to Ha Nn M. For some 
integer t, H; N Q is of power 2%, Let U be a subset of Gy(s) which is similar to 
H, N Q and F a subset of Gj which is similar to HN Q. U and V are 
disjoint since H, N M and H, N Q are disjoint. Thus U and V are two dis- 
joint, similar subsets, of power 2% each, of G. But this contradicts the fact 
that G has property A. Consequently no such sets M and N can exist, i.e., 
H must have property A. q. e. d. 

In 4.2 of [6] it was shown that a necessary and sufficient condition for 
a partial order P on a set Ẹ to have A-dimension was for P to have a à- 
extension. Repeating that proof in conjunction with Lemma 2.1 we obtain 


THEOREM 2.1. A necessary and sufficient condition for a partial order P 
defined on a set S to have A-dimension is for P to have an A-extension. 
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In conclusion we present an example which shows that the A-dimension 
need not equal the A-dimension even when both exist. First, however, we 
state a result which is an immediate consequence of Lemma 3.1 of [5] and 
Lemma 3.1 of [4]. 


(*) The open interval (0,1) of the real numbers is not the union of a 
finite number of sets, each of which either has property A or is of power < 2%. 


A non-empty subset # of the real numbers is said to have property C if, 
for each element p of E and each positive number ô, each of the two open 
intervals (p—8,p) and (p, p + 8), of the real number system contains 2% 
elements of Æ. 

Let S be a set which has properties A and C. Such sets are known to exist 
(Theorem 4. 4 of [5]). For some element z of S let M — {u|u < a, ue 8} 
and N = {u|u = zp ue 8}. The set M has properties A and C and thus 
is similar to a dense subset G of the open interval # — (0,1) of the real 
numbers. Let H = E— G. By Lemma 3.1 of [4] H is a dense subset, 
of power 2%, of E. Define g to be the identity transformation on Æ. 
Define g, to be a function which is a similarity transformation of G onto M, 
and which also maps H one to one onto N. The function g, is well defined 
since H and N both are of power 2%. The two functions go and g, realize a 
partial order P on E. Since g,(E) =S has property A, by Theorem 2. 1, 
P has A-dimension. The A-dimension of P is 2.. We shall show that the 
A-dimension of P is infinite. 

Suppose that the A-dimension of P is n + 1, where n is a positive integer. 
Let fo, fi," © +s fa, be n + 1 real valued functions of E, such that f;(#) has 
property A, which realize P. We now shall proceed to arrive at a contra- 
diction. Note that for any two elements u and v, if w < v in G then 
u<v in P. For each element x in H let S,—{y|y<2,yeG} and 
Ts = {yly > zx, yeG}. Since Ss and T, are subsets of G, fi(S2) < fi(Te) 
for each i Œ n. Two alternatives arise: 


(a) There exists an element x in H so that for no integer 1 is 
fila) < fila) <fa(Te). Now in P, 8,< x, and x is incomparable with 
each element of Ts. By hypothesis, for each integer 2, an element y; in Ts 
can be found so that fi(yi) < fi(x). The set J = {yli=n}, being a subset 
of Tz, is simply ordered in P. Denote by w the smallest element in J. 
Clearly fi(w) < fi(æ) for each i Thus w< x in P. But this contradicts 
the fact that x is incomparable with each element in T}. 
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(b) For each element x in H, there exists an integer (x) such that 
faite) (Sz) < fitz) (x) < fia) (Te): For each à = n let 


B; = {2| e H, fi(82) < f(x) < fi(Te)}. 


Notice that B; is similar to f;(B;). Hence B; either has property A or is of 
power < 2%, We conclude that Æ is the union of a finite family of sets, 
{G} U {Bili S n}, each of which has property A or is of power < 2%, This 
contradicts (*). 

Since (a) and (b) are the only possibilities, and each of these cases 
cannot occur, we are forced to conclude that the functions f; cannot exist, 
i.e., the A-dimension of P is infinite. 
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INTERPRETATION OF VECTOR COHOMOLOGY GROUPS.* 


By W. H. COCKCROFT. 


1. Introduction. In a recent note, J. H. C. Whitehead (see [4]; the 
relevant definitions are repeated in section 2 below) has defined vector 
cohomology groups $” (X, Y ; G) of groups X and Y over an Abelian group 
G. The definition generalises the cohomology groups H”(Y,G) of S. Eilen- 
berg and Saunders Maclane (see [2] ), by introducing the group X of operators 
on Y and G. In his note, J. H. ©. Whitehead interpreted the groups &,° 
and §,° in terms of group extensions with operators. His results generalise 
those of Kilenberg and Maclane which interpret the ordinary cohomology 
groups H!(Y, G) and H?(Y,G) in terms of the group of similarity classes 
of Y-kernels (with centre G) and the group of (non-operator) group exten- 
sions of Y by G respectively (see [2], paras. 4, 5, 6). 

The object of this note is to show that the other algebraic interpretations 
of ordinary cohomology groups can also be generalised. In part I below 
I will interpret the group §,7 in terms of operator automorphisms of group 
extensions with operators.’ The result generalises the well known theorem 
of Baer (see [1], also [2], para. 4) which relates the group H*(Y, G) to the 
group of automorphisms of a group extension of Y by G. 

In part II, I define loops with operators in a group and show that the 
Hilenberg and Maclane theory of loop prolongations which is developed in 
[8] can be generalised to a theory of loop prolongations with operators by 
using the vector cohomology groups. This gives an interpretation of the 
groups ra” for all n = 3, just as the Eïlenberg and Maclane theory gives 
an interpretation of the groups H” for all n = 3. 

The result in part I is proved directly. In part IT, I use the technique 
of [4], pata. 6 to obtain the results indirectly. This technique is outlined 
in section 5 below. 


Part I. 


2. Vector cohomology groups. For convenience I shall reproduce here 
the definition of the vector cohomology groups of [4]. Let G be an additive 
Abelian group, which admits a multiplicative group Ÿ as a group of operators. 


* Received October 22, 1952. 
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Let the operators'of ye Y and ge G give the element y-geG. Further, let 
both Y and G admit a multiplicative group X as a group of operators. Let 
the symbols zg and vy denote the images of g e G and ye Y respectively under 
the operator ve X. Let xy:g denote (xy):g and let æ(y:g) = (zy) (£g), 
for all ze X, ye Y and geG. — 

The cochain group O" (FY, G) of Y over G, n = 0, admits X as a group 
of operators from both left and right by the rules: 


(æc)(y2, am eS Yn) ES TOY; "°° 3 Yan) (ex)(y2, De Yu) ii (Ty; FT "3 TYn), 
where ce C”(Y, G). The group Y operates on C™(X, G), m = 0, according 
to the rule 

(yc) (2:1, DR Em) == Tale ` * Em C(@1,° * * Tm) 
where ce C"(X, G). It is easily verified that 1c = c and that y(y’c) = (yy’)c 
as required. 
I recall that the co-boundary operator 6: O” (W, A) —> 0"! ( W, A), of the 


group of cochains of a multiplicative group W over an additive Abelian group 
A, on which W operates from both left and right, is defined by 


(2. 1) (Se) (w,, rta Wn+1) es W,C(We, BA à Wasi) 
+ > (— 1)ic(w:, ts WW,” ° * > Wn) + (— 1)"*¢e(w,, Ts Un) Wns1< 
i=1 
(If W operates only from the left, then we set cw = c). Coboundary operators 
ôs: C” (X, On (Y, G)) — Cm (X, C7 (Y, &)), 
Sy: C” (Y, OM (X, G)) — Om (Y, OM (4X, G)), 
are now defined in exactly this way with respect to the cochain groups 
Om (Xx, (Y, G)) and C*(Y, C"(X, G). Since any element of either of these 
groups can be regarded as a function of the form ¢(x1,° >`, 2m3 Yi," `, Yn) 
we identify them and denote them by C™"(X,Y;G) or simply Cr. It is 
trivial that 8,8, — 0, 8,8, == 0 and that 6,6, = 6,8,. 
Let C” = C"(X, Y ; G) be the group, with vector addition, in which the 
elements are all ordered sets (Co, C1* * *, Cn), where cpe C#"*(X¥,Y;@). 


The elements (co, © -, Cn) of this group are vector cochains. A homomorphism 
A: O” — C1 is defined by 


Ala i) SE gg © Fe wes), Cr = Barr + (— 1)*8,c:2, 


with Cı Cu = 0. It follows from the fact that 8,8, == 0, 8,8, — 0 and 
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Let OS pn, and let ©,” C C”, denote the subgroup of C” which 
consists of the vector cochains (co +, C1) such that Cpi = 0, + +, Ca = 0. 
These are denoted by (Co, - *+,@)" When p ==— 1, the group G_,° con- 
sists of the cochains (g)°, for all elements ge G@ such that æg =g for all 
. geX. Note that since zg = g, we have 8,9 — 0 and therefore A(g)° = (8,g)?. 
The vector cohomology group §,” is then defined by $,” = Bp" — ACT, 
where 8,” = ©,” N A+(0) is the group of vector cocycles. 


8. Statement of Theorem. Let (F, 4) be an X-extension of an Abelian 
group G by a group Y, i.e. E and Y admit X as a group of operators and 
there is an operator homomorphism ¢: E — Y, onto Y, with kernel G. Since 
E admits X as a group of operators, and œ is an operator homomorphism, 
G also admits X as a group of operators, with v: G = G the automorphism 
induced by z: E = E, for all we X. 

Let (H’,¢’) be similarly defined in terms of groups X’, Y’ and @. 
Both # and Æ” will be written additively though in general neither will be 
Abelian. 

Suppose f: XX’ is a given homomorphism. A homomorphism ¢: E—> F 
is an operator homomorphism associated with f if and only if (xe) = (fax)ae 
for all ce X, ee H. An operator homomorphism «: E— W is a proper 
homomorphism if and only if «G C G’. Thus a proper homomorphism 
a: EE induces an operator homomorphism #8 = a| G: G— @ associated 
with f in the sense that 0(zg) == (fx)6g, and an operator homomorphism 
y: Y— Y’ defined by yọ = ġa, also associated with f, i.e. such that 
gay) = (fr) py. | 

Let representatives e(y) e pl(y), e(y)edb-1(y) be chosen for all 
yeŸ,yeŸ”, with e(1) —0, e’(1) —0. Let Y operate on G and Y’ on G 
by the usual rules: | 

y: g = ely) +g—e(y) | (yeY;ge @), 
and 

yg =e (y) Hg —e(y) (ye Y’; 9’ G). 
Finally the operation of Y on G’ is defined by y: g’ = (yy): 9’ for all ye Y, 
ge. 

It is now a trivial matter to verify that, with these definitions of 


operations, the groups XY, Y, @ satisfy all the requirements set out in section 
2 above. Thus we may define §,”(X,Y;G’). I prove the 


THEOREM. The proper homomorphisms a: H— F’, associated with 
f: X — X’, all of which induce the same homomorphisms-6: G— G’, y: Y >Y’ 
are in a one-one correspondence with the elements of 8.1(X,¥;G@’). In this 


~ 
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correspondence the elements of AC ° (X, Y; Q) correspond to proper homo- 
morphisms a: H— E’ of the type | 
xe = g + ge — g’ (e£ E), 

where (g’)° e ©_,°, and where a: E — E is, as above, a proper homomorphism 
associated with f, and inducing @ and y. 

If (£’, p) = (E, 6), X = X, Y’ = Y and f =1: X — X, 0 =1: G6 564, 
y = 1: Y — Y, where 1:Q—»Q denotes the identity automorphism of any 
group Q onto itself, we may define the group A, of proper automorphisms 
of E, associated with 1: X —> X, which induce 1: G— G and 1:Y — Y. In 
this case the one-one correspondence of the theorem becomes an isomorphism, 
and if A, denotes the subgroup of A, which consists of automorphisms 
e —> g +- e— g, where wg == g, we have the 


COROLLARY. A,/As © (X, Y; G). 
If X = 1, this reduces immediately to the theorem of Baer. 


4. Proof of Theorem. I first recall that if we are given the represen- 
tatives e(y), e (4), chosen in section 3 above, we have associated with the 
extensions (#,¢) and (E, ¢’) the cochains: 


C1(2:y) == ve(y) —e(xy) (ce X ;yer), 
Co (Yz Y2) = (Hi) + e(Y2) — e (V142) (Yr, y2eY), 
Cily) = re (y) — e (Ly) (ae X’, y eY’), 
and 
co (Y's Ye) = P (a) + E (2) — e (9'ye) (y'aye F’). 


It is a simple matter to verify that (see [4], p. 224) 8,co—0, êscı = 0, 
yC o == 0, 8207, = 0, 856) == 8,¢,, and BoCa = Sye’s. 

Now let a: E— Æ be any proper homomorphism which is associated 
with a homomorphism f: X — X’ and which induces 6: G—> G andy: Y > Y. 
Any element of E may be put in the form g + e(y) for some ge G and ye Y, 
and similarly for F’. Suppose «(9 + e(y)) =g -+e (y) for some g e @, 
y e Y’. Since a, induces 6 and y we have g’ + e (y) == 0g + a:(y) + & (yy) 
where m (y) e O° (X,Y;G’"). Now if g:1,g2¢ G and Yı, y,eY, then 


(gs + eg) + go + e(Y2)) = 4 (91 + Yr Ja + Colyn Y2) + e(yiÿe)) 
— 091 + 0(y1° Jo) + 00o(Yss Y2) + ai (Y1Y2) + e(YY1Y2) 
= 0, (Y:Y2) — a (Y1) — (YH) t1 (Y2) + 000 (Yi Y2) 

— Co (YY VY2) + 091 + (y1) + (yr): 092 
+ (y): eye) + ColYYn V2) + e (YYY2). 
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(4.1) a(g + ely) + 92 + e(y2)) 
== — (dyt) (Yi; Y2) + Oco (Yi Y2) — Co (Wy, ÿY2) 
+ O91 + (y) Hy) + 092 + aly) + 6 (Wye). 


But by definition, a, is a homomorphism; thus 


(4.2) (gı + ela) + ge + 6(y2)) = (g1 + e(y1)) + (92 + ely) ) 
= O91 + U (Y1) + e (Yy) + 092 + ai (Ye) +e (Wye), 


and therefore, comparing this with (4.1), we have 


(4.3) - (Syaa) (Ys, Y2) = Bco (Yis Yo) — Co (Yr, YY2). 
Again, if ge. G, ce X, ye F, we have . 


Oi (2g + re(y)) = w (zg + (x; y) + e(xy)) 
== frg + 0¢,(@3y) + a (ry) + e(u(xy)) 
== a (£y) — (fr) (y) + 8e (£; y) — or (fa; py) © 
+ (fe) (0g + a(y) + e (yy) ). 
Therefore 
(4.4) org +ve(y)) =— (Seti) (2;Y) + 8e (@3 y) — 61 (fa; y) 
+ (fe) (a(g + e(y))). 


But by definition, æ, is an operator homomorphism; thus 


(4.5) a, (ag + we(y)) = a{a(g + e(y))} = (fe) (ag + e(y))), 


and therefore, comparing this with (4.3), we have 


(4. 6) (8201) (@3 y) — 8¢,(@3 y) — cr (fa; py). 


Conversely, if 8:G— G and 4: Y — Y’ are operator homomorphisms 
associated with f: X — X’, we may define a mapping a,: E — F’ by setting 


ai(g + e(y)) = 09 + u(y) + e (4y), 


for all ge G and ye Y, where me C1(X, Y; G’) and satisfies conditions 
(4.3) and (4.6) above. It is a straightforward matter to prove that a, 
so defined, is a proper homomorphism associated with f: X — X’ and inducing 
dandy. Firstly it is obvious that «œ, induces 4 and y as required. Secondly, 
' it is a homomorphism, since (4.1) and (4.3) imply (4.2). Thirdly, it is 
an operator homomorphism associated with f: X — X’, since (4. 4) and (4. 6) 
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imply (4.5). Finally it is obvious that «G C G’ and g, is therefore a proper 
homomorphism of the required type. 

Let «a: E — E be another proper ERER associated with f 
and inducing 0 and y. Further let œ:(g + e(y)) = 0g + a:(y) + e (yy) 
(geG;yeY}). Again we have aa(y)e0%'(X,Y; G), and (8,42) (41, Y2) 
and (6201)(x;y) satisfy similar conditions to (4.3) and (4.6). Thus 
(a, — a)? is a vector cochain in the group © (X, Y ; G’) and it follows from 
(4.8) and (4.6) that A(a:—a,)*=—0. That is, (a —a)! is a vector 
cocycle in 8,1(X, Y;G’). It is obviously independent of the choice of the 
representatives e(y) and e’(7’). 

Suppose now that «,: E — Æ’ is fixed and let g: E > E” be any proper 
homomorphism associated with f and inducing 6 and y. I say that the corre- 
spondence œ— (a@,—d2)1 is one-one with 8,7(X,Y;G’). For suppose 
Gs, #2: H —> BE’ are proper homomorphisms associated with f and inducing 6 and 
y. If a, and a’, have associated with them, as above, the functions a.(y) and 
a .(y) respectively, and if (a, — a)? = (a, —a’.)1, then a, — ad, =a, — a2. 
Hence dz a’, and 4 = g2: E —> E’. Thus the correspondence is one-one. 
It is onto 8o'(X, Y; G’) for if (do)? is a cocycle in 8,'(X, Y; G’), define 
a: — EH’ by setting 


%2(9 + e(y)) = 6g + (y) Te (yy); 
for all ge G, ye Y, where a,(y) = a (y) —do(y). Then 


(yaa) (Yr, Y2) = co (Ys, Y2) — Co (Wy, WY2); 
since A(d,)*==0 implies that (ydo) (41, Y2) = 0. Similarly 


(822) (£; Y) == be (23 y) — cx (fa; yy), 


and it follows that «,.:#— E’ is a proper homomorphism of the required 
type, which by definition corresponds to the cocycle (d,)*. This establishes 
the first part of the theorem. Finally, suppose (g)? e @_,°. Define &,: E > FE 
by setting «(g + e(y)) =g + «(g + e(y)) — g, for all ge G and ye Y. 
Thus 
«a(g + e(y)) = 09 + aly) +g +e (yy) — g 
=bg + u(y) +9 —y g +e (yy) 
= 69 + a(y) + e (Yy) 


where @:(y) = @1(y) — (8y9’) (y). Obviously 


(yt) (Yr, Yo) = (Sya) (Yr, Y2) (Y Y2E Y), 
and 


(8202) (%5 Y) = (8241) (254) (ce X;yeY). 
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It follows immediately that æ», so defined, is a proper homomorphism asso- 
ciated with f: X — X’ and inducing 0 and y. Moreover a, corresponds to 
the cocycle (a, — a)! = (8,g’)1, and (8g) e AC_,°(Y, Y;G’). Thus the 
Theorem is proved. 

Suppose now that the conditions of the Corollary hold. It is obvious ` 
that the proper homomorphisms associated with 1: X — X, which induce the 
identity automorphisms 1: G — G, 1: Y — Y, form a multiplicative group À; 
in which the product of two homomorphisms «œ, B is the homomorphism 
Ba: H— E. Moreover A, is Abelian. Set ¢,—1:H-—> in the proof of 
the Theorem and suppose &; aj:  — E to be proper automorphisms associated 
with 1:X—X, given by a(g+e(y)) =g +ar(y) +e), (r =i j). 
Thus æ; and a; correspond to the cocycles (— a;)* and (— a;)* respectively. 
But aug + e(y)) =g + aly) + a;(y) +e(y). Thus ax: E — E corre- 
sponds to the cocycle (— a; —a;)te 8,:(X, Y ; G), and the one-one corre- 
spondence of the theorem is in this case an isomorphism onto 8o (X, F ; G). 
Under this isomorphism AG_,°(X, Y; G) obviously corresponds to the sub- 
group A, of A, which consists of all automorphisms, e—> g + e— g where 
(g)° e €P (X,Y; G). Thus the Corollary follows. 


4 


Part II. 


5. Outline of method. For convenience I shall first recall the defini- 
tions of loop prolongations, and the classification theorems proved by Eilenberg — 
and Maclane (cf. [2], para. 17, and [3]). 

A loop L is essentially a non-associative multiplicative group; its ele- 
ments satisfy the following axioms: 


(5.1) for a,beL, the element abe L is uniquely defined; 
(5.2) there is a unit element 1e L such that al = a = la for all a eL; 


(5. 8) for any æ, be L the equations ax = b and ya =b have unique solu- 
tions v, ye L. 


Given a,be L, the associator A (a, b, c) e L is defined by the equation 
a(bc) = A (a, b, c)[(ab)c]. Higher associators are defined inductively by 


Á (Gu * `, Gan A) = Á (n, Ge, Å (Qa, * `; don @)). 


A loop prolongation of a group Y by an Abelian group G, with given 
operators of Y on G, is a pair (L,¢) satisfying 


(5.4) Lis a loop containing G as a subgroup; 
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(5.5) is a homomorphism of Z onto Y with kernel a- group K con- 
taining G; f 


(5.6) A(k,a,b) —1—A(a,k,b) for a beL, keK; 
(5.7) kA = Ak for any ke K and any associator A — A (a, b,c); 
(5.8) ag = (¢(a)g)a for ae L, geG. 


It is usual in the theory of loop prolongations to use the notation a- 8 
for the element z which is the unique solution of the equation ab = za. 
I shall do this and will drop the notation y- g for the operation of an element 
y of a group Y on ge G, which was used in part I above. This will be written 
simply yg in future. No ambiguity will arise in what follows because of this. 
Thus formula (5.8) now reads a - g = ¢$(a)g. 

In [3], Eilenberg and Maclane define two prolongations (Ly, 41) 
and (La $z) to be equivalent if and only if there is an isomorphism 
6: Lı = La such that 6.9 = ġı: Lı — Y. They also define a multiplication 
(Zi, $1) S (La, $2) of prolongations by considering the loop P of pairs 
(a, @), de La, ae Ly such that dit = pou. The loop Lı © L, is defined 
to be the factor loop P/U where U is the set of all pairs (g, g7) for ge G. 
These definitions follow those used in group extension theory (see [1], para. 4). 
The prolongations are now divided into four classes defined by the conditions 


0,4: A(t, - z <, lon 4) = |, Of: A(a, ý ' 5 don; k) m= À, 
G: A(t amna) € G, Gi: A (Qi * `, Gon, k) €G, 


where n > 0, &,' °*,@on, ae L, and keK. A further class Ra is defined 
which consists of those prolongations (£,¢) of Y by G which contain a 
prolongation (L, 4’) of Y by G which is in class OX (i. e. I C L,¢|L’=¢’ 
and (L’,¢’)20,*). Finally we have a class Go“ defined by the condition 
K = G. 
With each loop prolongation is associated a characteristic cochain 
gy € C'(Y, K) with values in the centre Z of K for r > 2, defined by taking 
representatives u(y) e p(y) for all ye Y, with w(1) —1, and by setting 


U(Y1)U(Yo) = Gu? (Yr, Yo) U(YrY2)> 


Qu (Ya 7 5 Yon Y) =A (U (Y1), ` `, U(Yan); U(Y)) (n = 1), 
Ja (Ya, Ts Yon Y; y) — A(u(y), Fe Ts U (Yan); Ga (Y, f)) 
(n= 1), 
for all yı, +, Yen, Y, Ye Y. These cochains give rise to homomorphisms: 


get OnE N GLS 2" (Y, G), gr Ora N Ga => HET, G) 
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for n > 0. After defining the products of classes, e. g. 0,2 © G,:X, as the set 
of prolongations which are products of prolongations in the classes, Eilenberg 
and Maclane prove that these homomorphisms induce the isomorphisms in 
the following theorems. 


THEOREM EMI. O,EN G,4/0," © GE = HY, G) (n > 0), 
THEOREM EM2. Onn” N GE/R, © GE = H (Y, G) (n > 0). 


In each case the system on the left is a group of modulo classes. 

These then are the classification theorems of Wilenberg and Maclane 
which are proved in [3]. In section 6 below I define loops with operators 
and in section 7 X-prolongations (L,¢) of a group Y by a group G are 
defined. These are essentially loops L with operators in X such that 4: L— Y 
is an operator homomorphism whose kernel K is a group which contains the 
group G. 


The classification of such prolongations could be done directly, defining 
characteristic vector cochains associated with X-prolongations and following 
the pattern of [3]. However it is simpler to use the indirect technique which 
J. H. C. Whitehead employs in [4]. To this end I first define the group W 
which is a group extension of X by Y. Its elements are all pairs (y, £) 
with (41, T1) (Ys, To) == (Y1%1Yo, Tito) (me NX ;yEeY). For convenience y is 
identified with (y,1) and Z denotes (1,7). Thus (y,x) —y#, and w, W; 
are used to denote y£ and %%. The operation of W on G is defined by . 
setting wg — y (xg), for all we W, ge G. 

I now associate with each X-prolongation (L, b) an ordinary (i.e. non- 
operator) prolongation (L*,¢*) of the group W by the group G. The 
correspondence (L,¢) — (L*,¢*) is shown to be one-one to within an 
equivalence. Furthermore, the classes of X-prolongations which are defined, 
OL, On**, G%L, G,*K are carried over into the corresponding classes 
O7, O,Ë, etc. by the correspondence. Products of X-prolongations and their 
classes are defined and are preserved by the correspondence in a similar way. 
Thus the classification of X-prolongations is referred to the classification of 
prolongations of W by G, which are called associated prolongations. 

In order to use the theory of [3] to classify the associated prolongations 
we require a new cohomology group H,”(W,G) which is defined as follows. 
Given W, as above, let À: XY — W be the homomorphism defined by setting 
At = Z, and let A*: CO» (W, G) — C"(X, G) be the homomorphism induced by 
À. Denote A*-1(0) by C”, and let 8 be the coboundary operator defined by 
(2.1). Since tg = gg, it follows that A*S — 81*, and hence 8O,” C Cr, 
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Let 8,,: Cy." —> C,,”*? be the homomorphism induced by ô and let H,°, Hgh, ttt 
be the cohomology groups which are defined in terms of C,,°, Cst, °°, and 
the coboundary operator ô+. That these groups are the ones required for our 
classification, follows from the fact that the characteristic cochains of the 
associated prolongations belong to C;*(W, K) and not simply to C*(W, K), 
as do the characteristic cochains of [3]. The results of [8] can obviously 
be taken over as they stand, setting C4”, Ba”, Z", Ha” for the corresponding 
Cn, Br, Z” and H” (I use the normal notation for cochain, cocycle, coboundary 
and cohomology groups) except for one minor and obvious alteration: it is 
necessary to prove a new existence theorem, replacing Theorem 12.1 of [3], 
which proves that given a cocycle eZ”, there is a prolongation with that 
cocycle as its characteristic cocycle. Here we require that the constructed 
prolongation should not be just any prolongation but an associated one. The 
proof I give is a modification of Theorem 12.1 of [8], and after certain 
initial differences, which are given in full, it is identical with that in [3]. 
I therefore omit the identical portions and prove that, having constructed a 
prolongation (L*,¢*) as in [3], (L*,; ¢*) is an associated prolongation. We 
are then in a position to quote the classification theorems of [3], EM1 
and EM? above, to classify the associated prolongations in terms of the 
groups Ha”. 

Now it is proved in [4], that Hy.” = na” for each n = 0,1,2, >+. 
Thus the classification of associated prolongations by means of the groups 
H”, together with this isomorphism and the one-one correspondence of the 
associated prolongations with the X-prolongations yields a classification of 
Æ-prolongations in terms of the groups Qr”. 

In a final section I indicate the definition of a characteristic vector 
cochain of an X-prolongation which would yield these results directly. 


6. Loops with operators. Let X be a multiplicative group and L a 
loop. The loop L will be said to have operators in the group X, or to be 
operated on by X, if given xe X and ae L there is a unique element zae L 


such that æ1 == 1, 14 = a, where the symbol 1 is of course used for both the 
unit of L and of X. 


The vector, or operator, associators of L are triples (445, Ai3, Az?) of 
elements of L which are uniquely defined by the equations: 
Oy (aola) == Ao? (th, Ae, A3) { (iQ) Ga} (ai, Gr, a, € L); 
Tı (Aide) = A1? (T3 ; Gi, Ge) { (T101) (L202)} (Ge X; t a£ L); 
T1 (Tol) = Aa? (a1, £o 3 Q1) { (tite) a} (ti, ta € X ; h £ L). 
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Higher order vector associators are defined inductively. Thus the vector 
associator (Ao2"*1,- > +, Asn?"*1) is defined by 


Áo”! (a, EEF ons) — Ay? (th, tbe, Aort (as, tae, ons) ) > 
Ax? (E15 day" © + Aon) = Ai? (T1; dy, Ao" (de, * `, Men) ) ; 
A," (2, aime Tr? t, rs Qonsi-r) 
== Ao? (a4, Ta; Apo? (Zu; Grid t, Montir) 


where 2S r=2n and i’ t, lonn € L, T’ ° Ere X. 

A subgroup § of L will be said to be an operator subgroup if zS CS 
for all ve X. If also A,°(s, a, b) = 1 = A? (a, s, b), A,%(x;s,a) = 1, for 
all se S, a, b e L and ze X, then we can define in the usual way (see e. g. [3], 
para. 3, and the references cited there) the factor loop L/S of cosets Sa, of S in 
L. Furthermore, this loop will have operators in X defined by «(Sa) == S(«a) 
and the natural homomorphism p: L — L/S defined by pa — Sa, will be an 
operator homomorphism in the sense that px == ap. The loop L/S is obviously 
associative (and hence a group) if, and only if, Ao? (i, ao, &3) e S for all 
Guy üa, a3 € L. If also A1? (T1; a1, a) and Å? (£1, £2301) eS for all zı t2 € X 
and @:, &2 € L, then L/S is obviously a group which admits X as a group of 
` operators in the usual sense. | 


7. Prolongations with operators. As in part I, section 2, above, let X 
be a multiplicative group acting as a group of operators on a multiplicative 
group Y, and furthermore let both X and Y operate on an Abelian group G 
subject to the usual condition, now written «(yg) = (xy) (xg), for all ze £, 
yeŸ,geG. An X-prolongation of Y by G is a pair (L,¢) satisfying the 
conditions : 


(7.1) Z is a loop with operators in XY and containing G as an operator 
subgroup ; 


(7.2) is an operator homomorphism of L onto Y with kernel a subgroup 
K of L which contains G; 


(7.3) Ao (k, a,b) = 1 = 4? (a, k, b) (keK;a,beL); 
(7.4)  Af(z;k,a) =1 (ce X;keK;aeL); 
(7.5) kA’ = Ak (keK;i—0,1,2); 
(7. 6) a: g= (pa)g (aeL3geG); 


(27) s(a: g) = (za) - (zg) Gek ae get: 
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Here, as stated before, the symbol a-g denotes the solution z of the equation 
ag = 20. | 

Two such X-prolongations of Y by G, (La, pı), (Le, $2), will be said 
to be equivalent if there is an isomorphism 6: L,—> La such that 26 = 62, 
1 = ¢.6. A multiplication (Li, hi) @ (Lz, $2) is defined in the usual way by 
considering the loop P of pairs (a1, a2), @ € La, Q2 € La such that didi = Q242. 
Multiplication is defined by setting (a1, a2) (bı, b2) = (142, 6162). The prod- 
uct loop L: @ L is then defined as P/U, where U is the set of pairs (g, 9"), 
geG. The operation of X on Lı © L, is then defined in the obvious way, 
i. e. £(di, do) = (Uti, a2). A homomorphism ¢: Lı @L,—>Y is defined by 
setting ¢[@1, 42] = ¢1(d1) = ¢2(G@e), for all elements [a, a2] of Lı @ Le, and 
the product is thus an X-prolongation of Y by G. 


8 The associated prolongation. Let W be the group extension of X 
by Y which is defined in section 6 above. Let (L,¢) be an X-prolongation 
of Y by G. Consider the set L* of elements (a, x) for all ae L, ce X, with 
a multiplication defined by 


(41, Tı) (de, To) = (di (Tite), T1To) (a1, a € L; Ti, Lo E X) š 
Lemma 8a. L* is a loop. 
The proof which will be omitted, is trivial and consists merely of showing 
that L* satisfies the conditions (5.1), (5.2), (5.3) above. 
A mapping ¢*:L*-—»>W is defined by setting $*(a,7) = (¢a)# for 
all (a, 7) e L*. 


LEMMA 8b. is a homomorphism. 
The proof is trivial and will be omitted. 


Let us for convenience identify the elements ae L with the elements 
(a, 1) £ L*, and denote (1,2) by x. 


Lemma 8c. (L*,¢*) ts a prolongation of W by G. 


We require to prove that (L*, $*) satisfies the conditions (5. 4)-(5. 8) 
above. | 
With the identification proposed above, Z* obviously contains L and 
therefore it contains G as a subgroup. This is (5.4). Also 6*:L¥ > W 
is obviously onto W and has kernel ¢**(1) = $-1(1) = K, which contains 
G. This is (5.5). 

Let the (non-operator) associators of L* be written A™ (@1%1, G2.%2, 3X3) 
for all a,,a0,a,¢L, %1, £2, as € X. From the fact that 


A* (Qy%1, 42%, Agts) {| (a121) (Q282) ] (as%s) } = (A141) [ (@2%2) (5%5) | 
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it follows that 
A* (03X1, Go%e, 03X3) { (Lai (L182) | [ (tite) ds |) rave} 

— {d| 21 (do (Lota) ) 21t. 


Manipulation of the product {a,[%,(@2(%2d3))]} brings it to the form 
(a) {[a (2102) ][(t%2)@2]} where, using the additive notation for the centre 
Z of K, 


a == Ao(@;, Tito, Li(Tots)) + a, At 5 de, Lots) + [ai(titi) ] ` Ao? (a1, Va; as). 
Thus 
A*(@,%1, Goo, Gas) = Ao (Gi, Lie, © (alts) + a, < A1? (21; he, Lalla) | 
+ [a,(%1@2)] * Ati, a 5 aa). 
Using (7.3), (7.4) and (7.5) above, it follows that 
A* (ke, GeX2, AgX3) = 1 == A* (aix, k, G35) (ke kK), 


and A*k = kA*, for any associator A*. This proves (5.6) and (5. 7). 
Finally, if ae L, ce X and ge G, 


{(g* (ax) )g} (ax) = { ($0) (2g) } (ax) 


== (a: 2g) (ax) (by (7. 6)) 
—={(a-ag)a}x (by (5. 6)) 
= {a (sg) }x 

= { (ax) : g}(ax) (by (5. 6)). 


Thus (¢*(ax))g == (ax)-g as required by (5.8), and the proof of the 
lemma is complete. i 

This prolongation (L*, *¥) is the prolongation associated with (L, +). 
Notice that, by definition of the multiplication of L*, if u*(w) = u(y}x, 
where qu(y) =y, u(1) =1, then ¢*u*(w) =w, u*(1) = 1, and 


u* (€.)u* (č) = u” (Li) | (ti, Ge X), 
AF (aix, Qo, UŽ (Z_)) = 1 = A* (0i, UŽ (Gi), aXe) (Ti, tre X ; Qi, Q2 € D), 
A* (aux, U* (4), w* (%)) =1 (21, %,t2EX;a,€L). 


It is these properties which characterise an associated prolongation (L*, 6*) 
of W by G. More fully, an associated prolongation of W by G with kernel 
K is a loop prolongation (L*,¢*) of W by G with ¢*"*(1) = K, satisfying 
the usual conditions (5. 4)-(5.8), and such that there-exists a set of repre- 
sentatives u*(w) e L*, with ¢*u*(w) =w, u*(1) — 1 and 


612 W. H. COCKCROFT, 


(8.1) u* (But (Ea) = u” (Erbe) ; 
(8.2) A*(b, a, u*(%)) = 1 = A* (a, u* (1), b); 
(8.3) A* (b, u* (4), u*(&)) = 1; 


for all ae #*1(Ÿ), tı, 22€ À and be L*. 


Lemma 8d. The correspondence (L, D) — (L*, d*) is one-one with the 
associated prolongations of W by G, to within an equivalence. 


I require to prove that the correspondence (L, 6) — (L*,#*) has an 
inverse (L*, ¢*) — (L,¢). Thus, let (L*, b*) be an associated prolongation 
of W by G defined as above. Consider the set of elements ¢*7(Y) C L*. 
They form a loop Lı. A homomorphism ¢, : Lı — Y is defined by setting 
pı = $* | Lı. The group X operates on L, through the representatives u* (2), 
Le: 

afa) = u*(z)-a@ (we X;aeLy). 


I prove that (L,,¢1) satisfies the conditions (7.1)-(7.%) above and thus 
that it is an X-prolongation of Y by G. Hence we have a correspondence 
(L*, b*) — (Li, $1) of associated prolongations of W by G to X-prolonga- 
tions of Y by G. 

Condition (7.1) is obviously satisfied in virtue of the definition of . 
(L1,¢1:). Since Z, D KDG, G is a subgroup of Z:. It is an operator 
subgroup, for 


a(g) = u* (2) -g = {g*u*(2)}g (by (5. 8)) 
k =z 2g 

and by definition age G. 

The homomorphism ¢, is an operator homomorphism, for if re X, ae Ly, 
then 

{pı (va) JE == if (u* (2) - a) u* (2) } = pi(u*(&)a) 
== h4 = (Th1a)T, 

so that $,(za) = x,a. It is a trivial matter to prove that the kernel of ¢, 
is K, which by definition contains G. This proves (7.2). 


The vector associator (A,3, A,3, Å?) of L, is defined as in section 6 above. 
By definition, if a1, a2, @s € La, then - 


(8. 4) | Ao? (t, Qe, az) == A* (ay, Qe, as) . 
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If in addition v, sX, then ? 


{zi(aas)}u*(&,) = {u* (21) - (a203) }u (21) == u” (T1) (a203) 
= A* (u* (T1), de, ds) {(u* (1) a2) aa} 
— A*(u*(%,), de, ds) {[(w* (1)  de)u*(Z1) ]as} 
— A*(u*(4,), az, as) {(ids)(w*(#,)as)} (by (8. 2)) 
= A” (u* (21), Ge, as) { (Wide) (U* (21) ` as) }u*(&) (by (8. 2)) 
== A*(u*(E,), de, Qa) {(T102) (ids) }u* (41). 

Thus, by definition of A,', 

(8. 5) Aè (a 3 de, ds) = A®*(u* (4), de, ds). 

Similarly, if £4, t2 € X, 


{2,(220)}U*(E:2:) — {u*(2,) : (u* (E2) - as)} {u* (Eu (4) (by (8.1)) 


= {u*(£,)(u*(@2) - ag) zu” (2) (by (8. 3)) 
= u* (2, ){u" (2) aa} (by (8. 2)) 
= A* (u* (2), w*(Z2), as) (Lu (2,82) ` as Ju” (2:22)} 

(by (8. 1)) 


Thus, by definition of A,', 
(8. 6) Ae (Eu ary) = A*(u* (1), U” (Za), aa). 


The conditions (7.3), (7.4) and (7.5) are now obviously satisfied in virtue 
' of (8.4), (8.5) and (8.6), and (5.6) and (5.7). 
Finally, a: g = (¢ıa)g by- definition of (L*,¢*) and 


v(a: g) = u* (2): (a: g). 


But it is proved in [3] that in an ordinary loop prolongation (L, ¢), defined 
as in section 5, the elements of G associate with the elements of L and 
a: (b-k) = A(a, b, k)[ (ab): k] for all a, beL, keK. Thus, in particular 
a-(b-g) = (ab) : g for all ge G. Hence, in (L*, 6*), we have 


s(a: g) =u" (2): (a: g) = (u*(&)a) `g 
= {(u*(£)~ a)u*(z)} >g. 
Thus again using the results of [3] quoted immediately above, we have 
s(a: g) = (u*(2) : a) (u* (2) : g) — (za) : (zg) 


for all ze X, ee La, and geG. This proves (7.6) and completes the proof 
that (Lı, ,) is an X-prolongation as required. 
To complete the proof of the lemma, I require to show that the corre- 
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spondence (L*, b*) — (La, D.) is the inverse of (L, ¢) — (L*, $*). Suppose 
therefore that given (L*,¢*), I fórm (Z4,¢,) and then from (Li, 1) I 
form the associated prolongation (Z.*,#.*) as above. Define a mapping 
0: (La, o1*) — (L*, $*) by setting O(a, x) = au* (z), for all ae Ly, ze X. 
I prove that @ is an equivalence of the prolongations as defined in section § 
above. It is certainly a homomorphism, for if a, & € La, Zi, Z2 € X, then 


Olar, D1 )O(G2, T2) = (au*(Z1))(Aou*(%2)) = {a,(w*(Z,) a2) }u*(Z) (by (8.2)) 
== {a [(w*(21) ` a) u* (T) u" (T2) = {a [ (wide) u* (21) ]}u* (Z2) 
= [a (2102) Ju“ (Gite) (by (8.1), (8.2) & (8.3)) 
== fa (2142), tite) == O{ (1, 21) (Ae, L2)}. 


It is onto L*, for if ae L* and $*a* = yi, we may solve the equation 
a@==zu*(%) for a unique solution z = 4, say, in which case a = 9 (a, x). 
It is an isomorphism, for if 0(a,s)==1, then au*(£) —1. Thus 
p* (au*(Z)) = (ġa) = 1 and T—1 and u*(Z)—1. Hence a=1 and 
(a,x) 1. Finally, ¢*6 = #.,*, and @ is an equivalence. This completes 
the proof of the lemma. 


9. The classification of the associated prolongations. In this section 
I use the results of [3] in order to classify the associated prolongations. 
First, using the representatives u*(w) of the associated prolongations (L*, ¢*) 
defined above, we define the characteristic g-dimensional cochain guet of 
(L*, $"), which is in the group C,2(W,Z2)C C97(W,Z), q > 2, where Z is 
the centre of K. We have, as in section 5 above. 


Que? (Wi, Waju* (ww) = u” (w Ju" (we), 
Jus" (w, "ts Wany w) me A*(u* (a), mR U” (Won), u* (w)) (n = 1), 
Ja (wy, " ts Wen, W; w’) =s A*(u*(w), RE U* (Won), Jur? (W, w’)) (n = 1), 


for all wi,’ © °, Won, w, we W. By definition of A* and by (8. 1)-(8.3), 
we have gue"(Z1,' °°, a) = 1 for all %,---,ageX. Thus guste C,2(W, Z), 
for r > 2. 

Thus we may quote the results of [3], i.e. Theorems EMI and EM2 
of section § above, with H,*(W, G) for H"(W, G), to classify the associated 
prolongations, provided we can prove the existence 


THEOREM 9a. Given a cochain g.%& Cz1(W, Œ) there is an associated 
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prolongation (L*,¢*) of W by G and a system of representatwes u* (w), 
satisfying (8.1)-(8.3) above, such that’ 


Gur? = Gx! 
and 
(L*, 6*) « Gri" (q = 2n, n > 0) 
(L*, 6*) € GE (q=-2n+1,2>0), 


where the classes GX, Of, etc. are as defined in section 5. If further 
gurl E Z4(W,G) then also 


(Le p*)e On’ N Gr (q =n, n > 0), 
(LE, 6*) 6 OX 9 Ga” (q=—2n+1,">0). 
The prolongations (L*,o*) can be chosen so as to have an Abelian kernel. 


This is, of course, Theorem 12.1 of [3] with ordinary onan 
replaced by associated prolongations. 

We first construct the kernel K of the desired prolongation. It is the 
direct sum Ks + K; +°: -Koi + G, where K, is a free Abelian group gen- 
erated by the symbols [w,, Y2, Ws, Was - `, Wm] for all we W and ye Y CW; 
and Km == G for m =q. Next we define cochains h,"eC,"(W,K), for 
m = 2 by setting 
[Wi Yo, Ws, * * ; Wm] IE Wi, Yo 1 (lSism) 

0 if some w=1 (lism), 
for 2=m<g and hgt = gt hy = 8.95% hy™—0, (m>gq+1) 
(w; = y%; throughout). Further, for each w, s£ W we define an endomorphism 
a(w,) of K by specifying: 


ha (w, We, oe Wm) —{ 


a (10:1) g = Wig 


a (Wi) [Wa i y Wma] = hgt (Wi ` ©, Wma) 
m 
= 2 (— 1) th (w, ie, WiWisr; Rite Wms) (— Lh (wy, DR Wm); 
=I . 
for 2 =m <q. 


From here the proof is identical with that of Theorem 12.1 in [8]. 
I shall therefore not complete it, but go on to prove that the prolongation 
(L#, #*) constructed from K by the methods of [8] is indeed an associated 
prolongation. 

L* is defined exactly as in [3] to be the set of all pairs (4,w), ke kK, 
we W with (kı, w,) (ke, wz) = (ki La (wi) ko, hg’ (Wi, W2); wiw:). The homo 
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morphism #*:L*— W is defined by setting ¢*(k,w) == w, and the repre- 
sentatives u*(w) are chosen by setting u*(w) — (1,w). If we now define 
the characteristic cochain gy+? of L* in the usual way, we have gust == q,2 
(again exactly as in [3], Theorem 12.1). We require to show that (L*, 4*) 
satisfies (8.1)-(8.3). Certainly (8.1) holds, for if w, wae W, then, as in 
[3], hy? (wi, We) U* (wiw) = u*(w,)u*(w). But hy? (Tı Z2) —1, for all 
%,%EeX. Thus u*(2,2,) — u*(z)u*(&), which is (8.1). Also if ki, k£ K, 
YieY, w£ W, ce X, then 


{C1 1) (1, £)} He, We) = (her, 9%) (leo, We) 
== (,(a(y:%) ho) ha(WiE, We), Ywa) 
and 
(hs, Y) {C T) ez, we) } = Cher, ys) (aE) 2) h4 (T, We), We) 
= (He, {a(y1) [(G(E) be) hy” (E, we) ] yha (yr, Zw), Ywa). 


But a(y,)a(Z) = «(y,%), and by definition of hg”, (ha ) (41, Z, we) = 1. 
Thus A*( (ki, Yı), (1, Z), (ke, w2)) == 1, and since any element of ¢*7(Y) 
is of the form (kı, yı), we have A*(a,u*(#),b) —1 for all ae g*“(Y), 
xex, and be L*. This proves the second part of (8.2). Again, if ki, kae K, 
WE W, Y£ Y, tze X, | 


C1, wi) he, Yo) } (1, T2) = (hi (a(wi)he)hg?(Ws, Yo), WY), Ze) 
= (k1(a(w:)k2)h4 (Wis Ya), WY), 


since kg’ (WY, >) = 1. Also, since hkg? (Y2 2) = 1, 


(la, Wi) (Rs Yo) (1, 2) y = (kr, W1) (feo, Yale) = (her (( wi) hbo) hy? (Wi, Yoke), WiYo%e) 
— (ki(a(Ww)ko) ha’ (Wi, Ya), WiY2%s) 
= {ki w) (hea, Yo)} (1, a), 
from above. Thus A” ( (kı, w1), (k2, Y2), (1, #2) ) = 1, and since any element 
of p*-1(Y) if of the form (kə, y2) we have A* (b, a, u*(Z)) = 1 for all b e L*. 
ae p* (Y), and we X. This is the first part of (8.2). 
Finally, if ke K, we W, Tı, ae X, 


(k, w) {(1, Ti) (1, Za) } ii (k, w) (1, Tite) a (k, WEË) 
and 

{ (k, w) (1, 21) } (1, Z2) = (k, wits) (1, Ze) = (k, w22), 
so that A*(bu*(&), u*(&)) = 1, for all be L* and 2,,2,¢X, which 
proves (8. 8). 
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This completes the proof of the modified existence theorem, as required 
for a quotation of Theorems EM1 and EM2. Thus, we have 


THEOREM EM1*. 
OO (G70, OG Say (W,G) 
where the classes O,*, Gn”, etc. are classes of associated prolongations of W 
by G, 
and a similar Theorem EM2* replaces Theorem HM2. 
10. The classification of X-prolongations. In order to carry out the 
classification of the X-prolongations of Y by G, I require four types of X- 


prolongations (L, ©). They are 0,*4, ONE, GE and GK. If t1, °°, oneX, 
Qi,’ © +, Con € L, ke K, they are defined by the conditions 


~ 


Opre: Ar (a, ts Urs Orit,” ` * o Dons Qon) => 1, 
On AT (D, Dr Ara’ > Gon, E) = 1, 
COTES ARE is 2 gt Oa! Ons an) Ed 
GE: A?" (a+ + +, Des Guns + * > don À) €G, 
where in each case r = 0,- - +, 2n. 


I prove that if (L*,¢*) is the associated prolongation of (L,¢), then 
the one-one correspondence (L,¢) — (L*,¢*) preserves these classes. We 
have the 


‘Lemma 10a. If (L,¢) belongs to one of the types O,*L,- + +, Ga** 
then (L*,6*) belongs to the corresponding type Où, : ` `, GX, and vice 
versa, t.e. if (L, 6) € On*" then (L*, b*) € On”, ete. 


This is an immediate consequence of the 
LEMMA 10b. 
Art (a+ + + Des Arys" © 5 lema) = AF (Xr, © + Xr} Ara © * > Genes) 
for alae À, a;e L and 0 Sr < Qn. 


We have already seen that this is true when n = 1, in Lemma 8d, with 
x = u* (7). Suppose that the lemma is true for n =k, then by definition, 
if r= 2 
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A Dy Trta Trs Orit, nae tg ons) 


Pre A(x, Pa 5 Åp Ta, R 3 Trs Brats ie 3 lona )) 
aa A*(x,, Xe, A” (x5, Ot ta py Bras © 0’ Gon+s)) 
dés A*(x, tn Mr Orsay ‘5 ones): 


Similar inductive arguments prove the lemma then r= 0, 1. 


In addition to the classes O,*4,- - -, G,**, we require a fifth class, R4”, 
of n-reducible X-prolongations. These are X-prolongations which contain 
(in the obvious sense) an X-prolongation (L’,¢’) of the class O,**. If 
(L*,p*) is the associated prolongation of (L,¢) and, (£,¢) contains 
(L’, 6’) e O,**, then from its definition it follows that (L*,¢*) contains 
the prolongation associated with (L’,¢’). Moreover it will follow that this 
associated prolongation is in the class O,*. Conversely, given (L*, ¢*) 
containing (L’*, ¢’*) e O,*, it is easily seen that the X-prolongation (L, ¢), 
constructed from (L*,¢*) as in section 8 above, contains an X-prolongation 
(L’, p) e O,** whose associated prolongation is (L’*,¢’*). Thus the one- 
one correspondence (L, ¢) < (L*, 6*) carries Ea” onto Rp 

Finally we require the products of the classes O,*%, etc. The product 
À @ B of two classes A, B is defined to be the set {L Q L.} of X-prolongations 
of Y by G, for all L, s À, Lae B, where L, © L, is defined as in section 7 
above. It is a trivial matter to prove that the prolongation associated with 
a product of X-prolongations is the product of the associated prolongations. 
Thus products of the classes O,*",- - -,G,** are preserved. Hence using 
Theorems EM1* and EM2*, together with the fact that 


WG) ESA FC), 
we have the 


THEOREM A. 
OF OPOG ESS (2 LG) (n > 0) 
and the 
THEOREM B. 
Ones N GE) Rat © Gat” S Don ™ (X, Y; G) (n > 0) 


where in each case the system on the left is a group. 


11. The direct approach. Theorems A and B can be obtained directly 
by methods entirely analogous to those of [3], by using vector characteristic 
cochains (Co; ° * `, Cg-1)%@ Cot (X, Y; K), which, are associated with an £- 
prolongation (E,¢):- These cochains are defined by 
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Colis" © s Ta Yours’ © ‘> Yon, Y) 
a Ag (ts, ` a Cas U(Yasr),° a » w(y)) (n= 1) 
Colis" ` +, Das Yours * * > Yom YY’) 
=] Ag" (a1, E E u(y), a ee (Yon), ko(y; y')) (n -a 1) 
Gaii (21, 7 ts Dons y) a Ager (Ti, " * "5 Van; ka (Tan y)) 


where g=0,:- -,2n, puy) = Yọ u(1) = 1, gex, ye Y, for all 4,7 as 
required, and 


~ 


koly, yucyy’) = u(y}u(y”), Kes (®aner 5 Y)UCCensY) = Cont). 


These cochains (¢o,° > -,¢ga)% are then homomorphisms which induce the . 
isomorphism of Theorems A and B in the same way as the characteristic 
cochains g,% induce the isomorphisms of Theorems HM1 and EM2. 


Kine’s COLLEGE, ABERDEEN, SCOTLAND. 
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DOUBLY STOCHASTIC MATRICES AND THE DIAGONAL OF 
A ROTATION MATRIX.* 1 


By. ALFRED HORN. 


` An elegant theorem of Hardy, Littlewood and Polya (Theorem 1 below) 
has been generalized and applied in various ways in recent literature. In 
this paper we shall present an extension of their theorem (Theorm 4). As 
an application we prove that the set of all diagonals of rotation matrices of 
order # is equal to the convex hull of those points (+ 1,---,21) of which 
an even number of coordinates are —-1. From this, we determine the set 
of all diagonals of orthogonal or of unitary matrices. It would be interesting 
to prove without Theorem 4 that the set of diagonals of rotation matrices 
is convex. 


1. Definitions and notation. If A is a matrix, then Aj; will denote its 
i, } component and we write À — (4;;). A similar convention will be used 
for vectors. An n-vector is a vector with n components. A unit vector is a 
vector of length one. The diagonal of a matrix A is the vector (A4::,: **, Ann). 
A diagonal matrix is one whose non-diagonal elements vanish. The identity 
matrix is the diagonal matrix with diagonal (1,- - -,1). 

A permutation matrix is a matrix with elements all 0 or 1 such that 
every row and every column contains exactly one element equal to 1. A doubly 
stochastic (d. s.) matrix is a matrix P such that Py = 0, 2 Py= 2 P;=1 


for all + and 7. We use the symbols A’, À and A* for transpose, conjugate 
and conjugate-transpose respectively. By an orthogonal matrix, we mean a 
real matrix A such that A’ = A, A rotation matrix, or rotation, is an 
orthogonal matrix with determinant +1. A unitary matrix is a matrix A 
such that A* == A~. | 

If x is a real n-vector, then H (s) is the convex hull of all the points 
(%a,,° © *3 Tanjo % Varying over all permutations of (1,:-:,n). By S's 
we mean the set of all k termed sequences o of integers for which 1 S e < : :- 
< ox =n. The only member of 8S" is the empty sequence. 


* Received April 16, 1953. 


t This paper was written while the author received partial support from the Office 
of Naval Research. 
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If z is a complex number, @a denotes its real part. Occasionally we 
shall use 1. both as a summation index‘and to denote the imaginary unit 
(— 1)5. But we shall do this in such a way as to avoid confusion. 


2. Doubly stochastic and ortho-stochastic matrices. 


THEOREM 1. Let x,y be real n-vectors. Then the following statements 
are equivalent: 


(1a) y == Px, where P is a d.s. matrix. 


(1b) ye H (s). 


l k k 

(1e) max X Yo, max Ste, 1Sk=n end Dune 
gey i=l gesly i=l =1 é=1 
a n 

(1d) Df(yi) SE f(a) for any convex function f whose domain con- 
iz1 4=1 


tains all the numbers ty yi, 1 Sin. 


Proof. The equivalence of (1a), (1c) and (id) is proved in [1], pp. 49 
and 89. Also (1b) is equivalent to (1a) by virtue of the following theorem 
of G. Birkhoff [2]. 


THEOREM 2. A matrix is d.s. tf and only if it les in the conver hull 
of the set of all permutation matrices. 


In case % =: ©- Z Em the conditions (ic) are equivalent to 
(le) Š ESTE ceS%, 1<k<n. 
4=n-K+1 4=1 


We take this opportunity to point out a companion to Theorem 1, various 
_ parts of which are scattered through the literature. 


THEOREM 3. Let x,y be n-vectors for which n = 0, pZ 0, 1=1<n. 
Then the following statements are equivalent: | 


\ 


(2a) y= Px, where P is a matrix such that Pi; = 0, 5 Py = 1, È Py =i, 


¿z1 
LSsisn 1SjSEn. 
ke - k 
(2b) max X Yo max Z top 1Sk=n. 
gese i=l cesk il 
# FL | 
(2c) > f(y) SE f(e) for any convex non-decreasing function f whose 
i=l it 


domain contains all the numbers x, y, 1 StS n. 
bi 2 


10 
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Proof. The proof given in [1] for the implication (1d) -> (1c) also 
"proves (2c) —> (2b). The fact that (2b) — (2c) is proved in [3]. Ky Fan 
[4] proves (2a) — (2b). He also states (2b) — (2a) and quotes a lemma 
used in his proof. Using the fact that (1c) — (la), a simple proof may be 
obtained. It is also possible to derive (2a) — (2b) from (1a) — (1b) by 
using the fact that any matrix of the kind described in (2a) may be aug- 
mented to a d.s. matrix (of order SS 2n). 

A special class of d.s. matrices consists of those matrices Q such that 
Qu == U? where U is an orthogonal matrix. Let us call such matrices ortho- 
stochastic (o.s.) matrices. Not every d.s. matrix is an o.s. matrix. In 
fact it is not hard to see that the matrix 


1 i 0 
411 0 1 
0 1 1 
cannot even be expressed as a product of o.s. matrices. (This example is 


due to A. J. Hoffman.) Nevertheless we have the following theorem. 


THEOREM 4. If x,y are n-vectors satisfying (1c), then there exists an 
0.8. matric Q such that y = Qe. 


The proof of Theorem 4 will be simplified if we first prove a lemma. 


DEFINITON. If a,2--::2a,, and 1=m=n, let T” (x, - - ,æ,) be 
` n k k 
the set of points (z,,:--,2m) such that 3) nS Ezo = Sa whenever 


4=n-]j+1 zL i=1 


ce S'y, 1S k = m. Also let T°(2,,: + - ,x,) be the empty set. 


LEMMA. If w=: - Ze, and (Yi: ©, Yna) E Tia, + - ,æ,) and 
n = 2, then there exists a set of n — 1 real ortho-normal n-vectors ut,» >, uw? 
such that 


(3) Yy; = > (u4) t, 1LSjsn—. 
¿251 


Proof. The statement is obvious for n==2. We proceed by induction. 
Suppose the lemma is true for 2=n< N. Clearly T%-1(2,,- - -,2y) con- 
sists of the points (Yı -:,7Yx) such that (9,,---,yxe) e TN (T, >, ty) 
and such that b = yy1 <a, where b is the largest of the numbers 


N k k+l k 
bo == D zi — Ù, Yep and a is the smallest of the numbers ao == X, t; — D yo; 


as o ranges over SN-2, and k varies from 0 to N— 2. (When o is the empty 
sequence, bo == ty and le = T1). 
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For each oe Si", 0 fk S N—2, let To-be the subset of T’-*(a,,---, ty) 
on which a = do, and let T'e be the subset on which b = be. It is not 
hard to verify that To consists of the points (y:,:°-*,¥y-2) such that 


(Yo, > * > Yox) e TE (T1 +, Tru) and (Yo, ` `s Youn) © 
TN-2-k (Ehio © +, x), Where o” is the sequence consisting of those integers 
from 1 to N—2 which are not among the terms of a. Verify also that 
t N-2 


To = T'o. -It follows that T%-(2,,---,¢vy)—=U U So, where So is 


k=0 6 e S¥-*, 
the set of points (y: :-,%Yx) such that (%1,°°-,Yyy-2)eTo and 
bor = Yn S Ao. 
- Now let (y:,: - :,Yx) be a fixed point of TN*(a,---,z¢y). Then 
(Y° © °, Yy) € So for some fixed oe 8", and some fixed k= N—2. We 


must find an ortho-normal sequence ut,- - -,u-1 for which (8) holds. By 

the induction hypothesis, there exist Æ real ortho-normal k + 1-vectors 

p,- - +, 0% and W — 2 — k real ortho-normal N — 1 — k-vectors vi,- -, 
+1 N-1-k 


vere such that yo, = 2 (Vm) t, LSmSk, you = D (0) Err 
i=1 i 


LimsN—2—k. We define N — 2 ortho-normal N-vectors ut,- -, uN-? 
as follows: ue — (um, , 07™2,0,---,0), IS m S e; ue = (0,---,0, 


N 
vem, Von yix), LSmsSN—2—k. We have y, > (ul), 


4= 


1=7SN—2. If u ranges over the circle consisting of all real N-vectors 


orthogonal to w,- - -,w-?, then the values of the sum 
N 
9 
(4) 2 (ui) Er 
jal 
fill out some interval. If we take w= (v, © `, Vr 0, : -, 0), where 
(V1,° © *, Venu) is a real unit k + 1-vector orthogonal to v%,- - -,u%, then 
X+1 & 
(4) takes on the value D s; — $ Yo, = &o. Also if we take u — (0,-- -,9, 
4=1 j=i 
Dis © +, Vys-x), Where (V1, © +, Uy-1-) is a real unit vector orthogonal to 
' ; l : N N-2-k 
yor: e», V- then (4) takes on the value 2 ti — D Yo, = bo. There- 
$=h+2 j=l 


fore if be = Yy- SS Go, there exists a real unit N-vector uw*-* orthogonal to 


N 
ut, -+,uN-® such that yy. = >) (uN-1, 22, 
qk 


Proof of Theorem 4. There is no loss of generality if we assume 
tı Z`- o Z En As mentioned above, condition (1c) is equivalent with (1e). 
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Furthermore it is easily verified that (le) is Sa to the conditions 


(Y © °, Yna) €E T (a, © +, Ln), and Yn = 5$ Ti — > y: By the preceding 


4=1 
lemma, there exists an ortho-normal system u’,- +> gs such that (3) holds. 
If u” is a real unit vector orthogonal to se -+,urt, it follows that 
À (wit = 3 t — z Yı = Yn Thus if we set Qu = (uf)?, then Q = (Qu) 


271 4=1 
is the desired o. s. ee 


An immediate consequence of Theorem 4 is the following. 


THEOREM 5. A vector y can be the diagonal of a Hermitian matrix 
with eigenvalues zı,- °°, 2, f and only if (lc) holds. 


Proof. A Hermitian matrix A has eigenvalues 2,-- : , +, if and only 
if A — UBU*, where B is the diagonal matrix with diagonal (£, - - ,4,), 
and U is a unitary matrix. Therefore y is the diagonal of such a matrix A 


if and only if yı = X | Uy |?a;. Theorems 1 and 4 now yield the conclusion. 
jot 
The neecssity of (ic) in Theorem 5 was pointed out by Schur. [5], 
who showed that this leads to a stmple proof of Hadamard’s inequality for 
determinants. 
It is interesting to compare Theorem 5 with the following theorem, 
proved in [6]. 
THEOREM 6. Let m4 > 0, 1=<i<n. Then there exists a Hermitian 
ie 
matrix A with eigenvalues zı, ``, €n such that [Iy—M, 1Zk<n, 
4=1 


where M, is the determinant formed tom the first k rows and columns of A, 


if and only if max Ily = max Tes. and [I y = [I 


cesk i=l gesp i=l i=l 
3. Remarks on the complex case. If y — Px, where x, y are complex 
n-vectors, and P is a d. s. matrix, then there is an FE to the implication 
(1a) — (le). We can show that for each oe S'y, È vo, lies in the convex 


hull of all the points > Tr TES More A we have: 


THEOREM 7. If y = Pæ, where x,y are complex n-vectors, and P is a 


: 
d.s. matrix, and tf .c1,- ` `, Cn are any complex numbers, then > cy les in 
é=1 


} 
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n 
the convex hull of all the points È cits,, «e R", where B» is the set of all 
ee of (1,---, 2). ii 


Proof. By Theorem 2, we may write P == > a,P*, where Pëy==1 


aek” 
when a; — 7, and Pey = 0 otherwise, and aa = 0, Ð da= 1. Therefore 
a 


> CY, = 5 Pyjet = X, Ua Ÿ Pet; 


4971 a j=l 


n 
7. 2 la $ Ci 5 Peye; = 2 hy > Cila; 
į=1 j=t 41 
We do not know whether the converse of Theorem 7 is true. However, 
there cannot be any simple ie of (1e) - — (la). In fact there exists 
a pee z,y of 4-vectors such that $ ciy; lies in Ge convex hull of the points 
421 


> Cite, for all real cı > > - ,c, and yet there exists no d.s. matrix P such 
4=1 


that y = Px. For example take y = (1/4 + 21/8, — 1/4 + 21/8, 0,0) and 
z= (1,—1,7,1/3). Theorem 4 also breaks down in the complex case. In 
fact if y = (0, 1/2 + 4/2, —1/2 + 1/2), & — (1,—1,1), then there is one 
and only one d.s. matrix P for which y = Pz, namely 


However the equivalence (1d) <> (1a) still holds for complex vectors [7]. 


4, The diagonal of a rotation. 


THEOREM 8. A vector (di, © °, dn) 1s the diagonal of a rotation of 
order n if and only if it lies in the convex hull of those points (+ 1,---, +1) 
of which an even number (possibly 0) of coordinates are — 1. 


Proof. If Ris a rotation, then its eigenvalues are all of modulus 1. The 
complex eigenvalues occur in conjugate pairs and an even number of the real 
eigenvalues are — 1. Therefore we may say that if n is-odd, say n = 2m + 1, 
then the eigenvalues are of the form 1, exp(+ 16,),- - -,exp( ibm), where 
0=6;< 22%, If n= 2m, the eigenvalues have the form exp (+ ibi) -:, 
exp(+ 10»). In what follows, the case n even is practically identical with the 
case n odd. Accordingly we will only treat the case n — 2m + 1. It is well 
known that there exists an orthogonal matrix U such that R == U’AU, where 


Cand 
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1 0 
A = > , and B, mens ( 
0 | By 


cos b; — sin 6; 


1Si1sS™m. 
sin 6; men À — 


Therefore 
By; = U 5? + U y” COS 6, + U; COS f; 
+--+ + U jam? COS Om + U jomer” COS Om, st ne © 


By Theorem 4, it follows that (d:,---+,d,) is the diagonal of a rotation 
with eigenvalues 1, exp (+ i0:),- © - ,exp (+ im) if and only if it lies in 
H (1, cos @;, cos Oa,’ + +, cos Om, cos 8»). Since H(x) is unchanged if we 
permute the coordinates of +, we find that the set S of all diagonals of n-th 
order rotations has the form 


(5) 5 —= Crane gop cea get Oy lis lis tTa Am Am) , 


Let T be the convex hull of those points (æ 1,:::,2+1) of which an 
even number of coordinates are — 1. To prove § C T, we need only show 
that 1242: o Z aän Z — 1, then (1,@,@, amam) ET. This 
follows immediately from the formula 


Diez + 11Si<m IT (1 + tia) (l, Tis Lis a Tm En) 
ae 
J ee 
= eet, ii m-2 IT $(1 + di) (A, Dis Vas | t3 mis Vm—1, On, Am) 
j=1 
Soe tite (in Os. yim Oa): 
To show that 7 C S, we first note that each of the vertices of T is 
obviously in S, by (5). Therefore to complete the proof, we need only 
show that S is convex. Suppose x, y are distinct points of S, and 0 <A < 1. 


By (5), there exist sequences {a;}, {b;} such that 1 2a, 2: - 2a, Z — i, 
Lee Did, | 


m= 
TE Hi, fly, li * * 5 Gm Gm); and ye H(1, bi, bi, og bm, bn). 
By using the equivalence of (1b) and (1c) it is easy to show that 


At + (1—A)ye H(1, Aa, + (1—A) ba, 
day + (1 — A)bu t + + Alm + (L—A)Om, Adm + (1 —A)bm) CS. 
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THEOREM 9. Let x be a real n-vector, n= 2. The following statements 
are equivalent 


(6a) ay SH — + and 0Zm£<1,1=<1i<£n. 
J yt 


(6b) a lies m the convex hull of B, where B is the set of those points 
with coordinates all 0 or 1 for which the number of 0 coordinates ts different 
from one. 


(6c) z ts the diagonal of a rotation, and %=0, 15150. 
(6d) a is the diagonal of a d. s. matrix. 


Proof. Given any set A of k integers between 1 and n, there exists a 
permutation which leaves invariant the members of A, and only these, as 
long as k34n—1. Therefore the set of diagonals of permutation matrices 
of: order n is exactly B. Theorem 2 now shows that (6d) and (6b) are 
equivalent. We conclude the proof by deriving the implications (6b) — (6c) 
— (6a) — (6d). 


(6b) — (6c): Since the set S of diagonals of rotations is convex, we 
need only prove B C S. If we B, then some permutation of æ has the form 
(Ya, © *; Ya), in which y = 0,1 StSk,y—1lk+1St1Sn, and kl. 
If k is even, then ye S by (5). (When n 2m, (5) remains valid if we 
drop the 1 in (1, a, a1,: ++, Gm, @m)). If k is odd, then k = 8, and using the 
equivalence of (1b) and (1c), it is easy to prove that ye H(z), where 2, = 1, 
LSS nk- l, Zar À, Zne = — $, and z= 0 otherwise. Again 
H(z) CS by (5). 


(6c) — (6a): Let æ be the diagonal of a rotation of order n. If 
n = 2m + 1, then by (5), ce H(1, as, Q` ` `, An, Gn) for some sequence {a} 
with la=a,2:°:-2a,22—1. Therefore by (le), 


Dr = 1+ 2a, 4 - + ama + an Sn —R + Hy 
Ai 
The case n even is analogous. 
(6a) — (6d): Suppose x satisfies (6a). We may exclude the obvious 
case Ti == 1 for alli. Let y,—1—2; Then 0 & y: S 1 and SEHK. 
Let 8 == Èy and set z; = 2y,/8. Then 02,1 and Ÿ 2, e By the 


į=1 


adas of (1b) and (lc), we have (2,-: -,2,)£ H(1,1,0,-::,0). 
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Therefore (21,° © `, %n) = Dasicyen%iu"?, where uti is the n-vector whose 1-th 
and j-th components are 1, and whose other components are 0, and a; = 0, 
S'a;—1. Therefore (1—2,---,1—a) = X, yut, where yy = B+ &y/2. 
i<j i<j 

If we define Py =; and Py = Pa = yy for 1 StSjJZ=n, we obtain a 
symmetric d.s. matrix P = (Pi) with the desired property. 


THEOREM 10. For n= 2, a real vector (di,---,d,) is the diagonal 
of an orthogonal matrix if and only if the vector «= (|d |,- -,| dn |) 
satisfies any one of the conditions of Theorem 9. 


Proof. Suppose x satisfies (6c). If x is the diagonal of a rotation, 
then d s the diagonal of an orthogonal matrix, since an orthogonal matrix 
remains orthogonal when we multiply any row by —1. 


Now suppose d is the diagonal of an orthogonal matrix. Then at least 
one of the two vectors (|di|,---,| dia À, + di, | dia |© © <; | da |) is the 
diagonal of a rotation. The proof of (6c) — (6a) did not use the hypothesis 
a, = 0. Therefore we have }|d;|Sn—22+da,5n—2-+]|d;|, which 
proves (6a). ok 


THEOREM 11. Forn È 2, a complex vector (d1,° > - , da) is the diagonal 
of a unitary matrix if and only if the vector x = (| dı |,: > -, | da |) satisfies 
any one of the conditions of Theorem 9. 


Proof. Suppose x satisfies (6c). Then x is the diagonal of a rotation R. 
If we multiply the 2-th row of À by arg d;, whenever d; 34 0, then R becomes 
a unitary matrix with diagonal (di,- - -, dn). 


To prove the converse (the idea of this proof is due to J. von Neumann), 
let a= sup (|di|-+---+ | dni |— |d|) as d varies over all diagonals 
of unitary matrices of order n. In order to prove (6a), we need only show 
a==n—2. Clearly « = n — 2, as is seen by considering the identity matrix. 
Now let U be a unitary matrix for which | Ua, | +- > -+ | Una na | — | Un | 
=«. By multiplying each row by a proper factor, we may assume that 
U;,20,1S71=n. By the maximal property of U, we have Uu = Unn, since 
otherwise an interchange of rows of U would increase the value of 5 IPEE i 


į=1 
Thus it involves no loss of generality to assume U,, =: © © = Unm Z0. 


n-2 
If Una na = 0, then « = X, Uu S n— R? and (6a) is proved. Hence- 
421 
forth assume Unas > 0. For 1S&p<q&n, let Vra be the matrix of 
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order n for which V7, = Va, = cos 0, V?%yq = — Vp == sin 6 exp (if), 
where 6, 8 are arbitrary real numbers, and V?,; = ê; for i Æ p, q, and j > p, q. 
n-i z-i 
If W=UV*, we have X | Wa | — | Wan | S E Uun — Unn Therefore 
4-1 i=1 


(7) | Ui cos 6 — U: sin 6 exp (— 18)! + | Ua sin 6 exp (18) + U=» cos 8 | 
S Un + Us. 


The expansion of the left side of (7) in powers of 6 begins with 


(Uy, + U22) + OL (exp (8) (Ua — Oy2))] +. 


Consequently the coefficient of 4 must vanish for all 8. This can occur only 
if Us, = Uy. Similarly Uz = 0, for 1SiSjSn—1. From this it 


follows that | Um | =| Un) 1StSn. 
If Unn > 0, then by multiplying U on the right by Vi? and using the 
same reasoning as before, we find Um —— Um, 1<i<n—1. Therefore, 


if we multiply the last row of U by — 1, we obtain a symmetric unitary 


matrix B for which Ban < 0 and such that «= S By. 
: 4-1 


In case Uns = 0, let k be an integer for which Ur» 40, and let B be the 
matrix obtained by multiplying the n-th column of U by arg (Urn) and the 
n-th row of U by arg (Ung). Then By, = By > 0. I7 Ak, 1S] Snl, 
we have 


n-i = net 5 
BinBin ae EEE 2 Bb sit. 2 B;;Bix ad BaBa 
=1 =1 


Therefore Bin == Buy. Thus in both cases, we have obtained a symmetric 
unitary matrix B for which «= $, By, and B,,=0. But the eigenvalues of 
4=1 


a symmetric unitary matrix are all +1. Also q is equal to the sum of the 
eigenvalues of B. Since B is not the identity matrix, Ban being non-positive, 
the trace of B can be at most n— 2. The proof is complete. 


By using Theorem 11, we can prove many curious inequalities in the 
elements of a unitary matrix. For example, if we apply Theorem 11 to the 


product 
1 1 1 1 
(5 i)a 1 E 221 
0! Ay aTr =i T =t 
-=T l 1 
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where U is an arbitrary unitary matrix of order 3, we find 
| — Ui, + Ui + Us | + | Un — U22 + Us | + | Us + U33— Uss | = 5. 
The bound is attained for 


P 2 228 
Uei e À 2): 
aoe. =D ui 
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NATURALLY TOTALLY ORDERED COMMUTATIVE 
SEMIGROUPS.* 


By A. H. CLIFFORD. 


By a semigroup we mean a set S endowed with an associative binary 
operation: a(bc) = (ab)c. The cancellation law is not assumed. The present 
paper deals exclusively with commutative semigroups, and the modifier “ com- 
mutative ” will be omitted except in the statements of the theorems. 

If a and b are elements of S, we say that a divides b, and write a = b, 
if either a= b or there exists c in S such that ac =b. We write a < b if 
a = b but b £a. We shall call S naturally totally ordered (n.t.o.) if the 
division relation is a total (i.e. “ linear,” or “simple”) ordering of S: for 
every pair of elements a,b of S exactly one of the relations a < b, a =b, 
b < a holds. If S has an identity element, it is a linear holoid as defined 
by Klein-Barmen [4]. The class of n.t.0. semigroups is, of course, far 
more restricted than that of linearly ordered semigroups, as defined by O. 
Nakada [6]. 

An n. t.o. semigroup S without identity element, and in which the can- 
cellation law holds, is the same thing as a system satisfying O. Hölder’s axioms 
I, III, IV, V, VI ([3], pp. 4-7). Axiom IT requires that S be non-discrete 
in the sense of containing no least element. In [3], pp. 22-27. Holder shows 
that if such an S be archimedean, it can be embedded in the additive semi- 
group P of all positive real numbers. The chief object of the present paper 
is to establish the analogous result for an archimedean n. t.o. semigroup in 
which the cancellation law does not hold. 

Before describing this result, let us return to the general (non-archi- 
medean) case. In [4], Klein-Barmen determined the structure of all linear 
holoids § such that either $ is finite or else the order type of S is that of the 
natural numbers. In section 1 below, we give a reduction theorem for the 
general case, from which his results follow. Suppose we have a set of n. t. o. 
semigroups S+, where the index r ranges over a totally ordered (“ t. 0.”) set J. 
The class sum S of all the S, becomes a semigroup if we define tob: =b, ão = b; 
for all dae So, br € Sr, when o <7 in I. It is readily seen that S is also 
n.t.o. We call S the ordinal sum of the t. o. set of semigroups S;. Ann. t.o. 


* Received September 16, 1953. 
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semigroup S which is not the ordinal sum of two or more subsemigroups will 
be called ordinally irreducible. In séction 1 we show that every n. t. o. semi- 
group is uniquely expressible as the ordinal sum of ordinally irreducible 
n. t. 0. semigroups. 


This theorem reduces the study of n. t. o. semigroups to that of irreducible 
ones. The general case appears to be difficult, but one can treat the case in 
which every element @ of S has finite Index (i. e. a? = a” for some positive 
integer 2). We shall use the term segment to mean an ordinally irreducible, 
n. t.o., (commutative) semigroup, every element of which has finite index. 
A segment may also be characterized as an archimedean n.t.0. semigroup 
in which the cancellation law does not hold (Remark 4 of section 5). In 
section 2° we show that every segment S has a greatest element, which we 
call the ultimate element of S, and denote by œ. If we prefer to think of oo 
as the zero element of S, then a segment may be characterized as an n. t.o. 
semigroup with zero, in which every element is nilpotent. Every discrete 
segment is a finite cyclic semigroup. Every non-discrete segment S is either 
dense-in-itself, or is dense-in-itself except for the existence of an immediate 
predecessor oo* of œ, which we call the penultimate element of S. 


In section 3 we show that any segment S§ can be extended in a unique 
manner to an archimedean n. t. o. semigroup T satisfying the cancellation law. 
More precisely, T contains an ideal Te such that § is isomorphic with the 
factor semigroup T/T a in the sense of Rees, [8], p. 889. Using the embedding 
theorem of Holder mentioned above, we show in section 4 that S can be 
embedded in one of the two semigroups P, = P/{1], P*, == P/(1), where [1] 
and (1) denote the sets of real numbers œ satisfying «21 and «>1, 
respectively... These two semigroups are, to within isomorphism, the only 
complete non-discrete segments. P, is dense-in-itself, while P*, has the pen- 
ultimate element o* = 1, 

The concluding section 5 contains half a dozen remarks, of which we 
mention one. In Remark 5 it is briefly indicated how a segment S can be 
completed directly (i.e. without the above extension to T) using Dedekind 
cuts. Besides being somewhat longer, this treatment suffers from one’s having 
constantly to guard against an interesting but annoying difficulty. If S is a 
non-discrete segment having a penultimate element o*, the function z = gy 
fails to be continuous along the curve z == o*. It is, however, lower semi- 
continuous, and the calculus of cuts goes through all right provided we reckon 
with (closed) lower classes. Thus we must reverse Hélder’s definition of a 


1 P, is an instance of what Klein-Barmen in [5] calls a “geschlossene Zahlbezirk.” 
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cut, [3], p. 20, and require that the upper class have no least element. The 
upper classes of S are just the v-ideals of 9, as defined in [1], p. 600, and 
these are therefore not suitable for the completion of 8S. 

Notation. A CB means A is a proper subset of B. 0 denotes the empty 
set. If A CB, B—A denotes the complement of A in B. If {A,;7reJ} is 


a set of classes, |] A, denotes their class sum, and f) A, their intersection. 
Tel Tel 


i. Reduction of an n. t. o. semigroup into the ordinal sum of ordinally 
irreducible n. t. o. semigroups. Let § be an n. t.o. semigroup. A subset a 
of S is an ideal of Sif ae a and be S imply abea. Thus a is an ideal of S 
if and only if it is an upper class of S in the usual sense (ae a and a<z 
imply zea). The complement §—a of an upper class a is a lower class, 
and the decomposition of S into a and S — a will be called a cut of 8S. An 
ideal p of S is prime if S — p is a subsemigroup of 8. Ifa and b are elements 
of © such that ab = a, we shall say that a absorbs b. An ideal a of S will be 
called absorbent if asa and bga imply ab = 


LEMMA 1.1. Let p be a non-empty, proper, absorbent prime ideal of an 
n. t.o. semigroun S. Then p and S—p are non-empty, n. t.o. subsemigroups 
of K, and X is the ordinal sum of S—- and p in that order. 


Proof. The subsemigroups p and O — p are t.o. by the division relation 
in S. We must show that this ordering is natural in both of them. Let 
a and b be elements of p such that a < b relative to S. Then ac= b for 
some ce S. Were cf p we would have b — ac =a, contrary toa < b. Hence 
cep, and a< b relative to p. Similarly, let a and b be elements of S — p 
such that ac = b for some ce 8. Were cep we would have b = ac = c, con- 
trary to bgp. Thus p and §—p are n. t.o. semigroups in their own right. 
Since they are disjoint, and § is their class sum, and every element of p 
absorbs every element of S — p, it is clear from Le definition that S is their 
ordinal sum in the order S — p, p. 


Lemma 1.2. An n.t.o. semigroup is ordinally reducible if and only if 
wt contains a proper, non-empty, absorbent prime ideal. 


Proof. If an n.t.0. semigroup § is the ordinal sum of a set of n. t. o. 
semigroups S, (re 1), where J contains more than one element, and if R is 
any proper, non-empty, upper class of J, then » == J Ñ, is a proper, non- 


reR 


empty, absorbent prime ideal of §. The converse follows from Lemma 1. 1. 


A prime ideal p of an n. t. o. semigroup 8 will be‘called special if (1) p 
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is absorbent, and (2) there exists an absorbent prime ideal q such that q D p, 
and such that no absorbent prime ideal r exists such that qD rD p. qis 
evidently uniquely determined by p, and will be called the absorbent prime 
ideal associated with p. q itself need not be special. Condition (2) requires 
p Æ 8, but we do not exclude the possibility p == 0. The null set is evidently 
a special prime ideal of S if and only if S contains a minimal non-empty 
absorbent prime ideal. 


Lemma 1.3. Let p be a special prime ideal of an n. t.o. semigroup Ñ, 
and let q be its associated absorbent prime ideal. Then q — p ts a non-empty, 
ordinally irreducible, n. t.o. subsemigroup of Ñ. 


Proof. Applying Lemma 1.1 first to § — p, and then to the absorbent 
prime ideal q— p of the n.t.0. semigroup S—p, we see that q—p is a 
(non-empty) n. t. o. subsemigroup of S. Were it ordinally reducible, it would, 
by Lemma 1.2, contain a proper, non-empty, absorbent prime ideal P. It is 
readily seen that PU p would be an absorbent prime ideal of S between p 
and q, which is impossible. 


THEOREM 1. very naturally totally ordered, commutative semigroup 
ts uniquely expressible as the ordinal sum of a totally ordered set of ordinally 
irreducible such semigroups. 


Proof. Let S be an n.t.0. semigroup. Let I be a set in one-to-one 
correspondence with the set of special prime ideals of S. Let p, be the special 
prime ideal of S corresponding to the element r of I. For o,rel, define 
o <7 if po ~ pr; this is evidently a t. o. of J. Let qy be the absorbent prime 
ideal of S associated with p,, and let S, == q; — Pr. By Lemma 1.3, each 
S, is a non-empty, ordinally irreducible, n. t. o. subsemigroup of S. Ifo <r, 
then po > qr D Pr, so that S, C S—q,, while 8, Co qr. Hence So N S,~0, 
and, since q; is absorbent, every element of S, absorbs every element of So. ` 
The theorem will follow when we show that every element a of S belongs to 
some +. 

Let Pa be the class sum of all the absorbent prime ideals of S not con- 
taining a, including the null set. (Pa == 0 if and only if S contains a minimal 
non-empty absorbent prime ideal qo, and &€ Go.) Pe is evidently a prime 
ideal. It is, moreover, absorbent. For suppose æ € pa yf Pa. Then wep 
for some absorbent prime ideal p not containing a. Since y ¢ pb, we conclude 
Vy = T. 

Let qa be the intersection of all the absorbent prime ideals of S containing 
@. Ga is evidently a prime ideal. To see that it is also absorbent, let xe qu. 
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YE qa Then y £q for some absorbent prime ideal q of S containing a. Since 
veq, we conclude ty = x. : 


Evidently qg— Pa- There cannot exist an absorbent prime ideal r of S 
between Pa and qa; for ifaer then r D qa and if agr then per. Hence 
Pa is a special prime ideal of S, qa is its associated absorbent prime ideal, and ` 
GE Qa — Pa- 

To prove the uniqueness, suppose that S is the ordinal sum of a t. o. set 
of ordinally irreducible n. t.o. semigroups S'alxeJ). For each «eJ, let 
Pa = y S p and a= Pa U S'a Then P'a is a special prime ideal of S, 

a 


and Qa is its associated absorbent prime ideal. For p’, and Qa are evidently 

absorbent prime ideals of #, and the irreducibility of S'a prevents the occur- 
rence of an absorbent prime ideal between them. Thus P'a = pr for some 
rel, and S’,—8,. The mapping a—>- of J into J must cover I since 


U Sa S, and is clearly one-to-one and order-preserving. 
acd 


2. Ordinally irreducible n. t. 0. semigroups; segments. 
The following lemma is essentially Klein-Barmen’s Satz 9 [4], p. 727.- 


Lemma 2.1. Let e be an idempotent element of an n. t. 0. semigroup S. 


Then the set p of all elements x of S satisfying z > e is an absorbent prime 
ideal of 8. 


Proof. p is evidently an ideal. If a and b are elements of S — p, i.e. 
ae and b Se, then ab Se? ~e, abe S—pb, and p is prime. Let aep, 
beS—hp,iea>e,bSe. Then a= ce for some ceS. From b Se we 
have e Seb = e? — e, whence eb =e. Hence ab = ceb = ce = a, and p is 
absorbent. 


THEOREM 2. An ordinally irreducible, naturally totally ordered, commu- 
tatwe semigroup S can contain at most one idempotent element. If it does, 


then this lone idempotent is the greatest element ‘of 8, and absorbs every 
element of S° 


Proof. Suppose e is an idempotent element of S. By Lemma 1.2, $ 
cannot contain a non-empty, proper, absorbent prime ideal. The absorbent 
prime ideal p of Lemma 2. 1 is certainly proper, since e # p, and hence it must 


* Except for the (inconsequential) absence of an identity element in:S, Theorem 2 
asserts that S is a “fundamental holoid” in the terminology of Klein-Barmen [5]; 


S is of the “first kind” if it contains the lone idempotent, and otherwise it is of the 
“second kind.” | ` 
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be empty. Hence e is the greatest element of S. But then, if ae S, ea Z= e, 
hence ea +e, and e absorbs every elément a of S. 


If an n.t.0. semigroup S contains a greatest element, we shall call it 
the ultimate element of S, and denote it by co. Clearly o absorbs every 
element of 5. Conversely, if an element of S absorbs every element of S (i. e. 
if it is a “zero element” of S) this element exceeds all other elements of 8. 

Let S be an n. t.o. semigroup, and a any element of S. The subsemi- 
group Cea of & consisting of the powers of a is called the cyclic subsemigroup 
of © generated by a. Hither a” < a*t for all positive integers n, or else 
there is an n such that a <a <: - - < a” = a" qu. . ., In the 
latter case, as in [1], p. 597, we call n the index of a. Ca is itself n. t. o., 
and if a has index n, a” is the ultimate element of Ca. Ca is clearly ordinally 
irreducible. 

By the term segment we shall mean an ordinally irreducible, n. t. o. semi- 
group, every element of which has finite index. Let S be a segment. Since 
S must have at least one idempotent, it has by Theorem 2 exactly one, and 
this is the ultimate element œ of S. If ae, and n is the index of a, then 
a” == co. If we prefer to regard co as the zero element of S, then every 
element is nilpotent. Conversely, if © is an n. t. o. semigroup with ultimate 
element œ, and if some finite power of each element of S is equal to o, 
then § is a segment. 


LEMMA 2.2. If a and b are elements of a segment S such that ab = b, 
then b = œ. 


Proof. ab —b implies a") = b for every n. Taking n to be the index 
of 4, œ = œ ' b =b. 


LEMMA 2.3. If a, b, c are elements of a segment S such that ab = ac 
== co, then b — c. 


Proof. If, say, b < c, then bd = c for some de 8. From ab = ac = abd 
and Lemma 2.2 we would conclude ab = œ. 


LEMMA 2.4. If a and b are elements of a segment S such that 


a <b <æ, there exists a uniquely determined element b/a of S such that 
a(b/a) =b. 


Proof. , Since a < b, there exists ce S such that ac =b. If there were 
another such element d, then from ac = b = ad, b ~o, and Lemma 2. 3, we 
would conclude c = d, 
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An n. t.o. semigroup § is called discrete if it contains a least element. 
Lemma 2.5. A discrete segment is a finite cyclic semigroup. 


Proof. Let 8 be a discrete segment, and p its least element. Let a be 
an arbitrary element + œ of §. Since pa and a < p” = œ, where n is 
the index of p, there is a unique positive integer r such that p” Sa < p™’, 
If a Æ p" then a = prb for some be S. Since b= p, a= pb = p™!, contrary 
to a <p. Hence a = p", and $ is the cyclic semigroup generated by p. 


If the ultimate element œ of an n. t. o. semigroup S has an immediate 
predecessor, the latter will be called the penultimate element of S, and will 
be denoted by o*. 


Lemma 2.6. Let a and b be elements of a non-discrete segment S such 
thata<b. Then either there is an element of S between a and b, or else S 
has a penultimate element o*, and a = 0*, b= œ. 


Proof. Assume that no element of S exists between a and b. Since 
a < b, b == ac for someceS. Since § is non-discrete, there exists d < c in S. 
Now a Sad S ac == b. aad since otherwise a= œ by Lemma 2. 2, con- 
trary toa <b. Hence ad = ac = b. Were b œ, this would imply d—c 
by Lemma 2.3. Hence b — œ, and a is its immediate predecessor. 


Lemma 2.6 shows that a non-discrete segment § is dense-in-itself except 
possibly at oo. We shall call © dense or dense-except-at- according to 
whether § does not or does have a penultimate element. 


3. Extension of a segment. Let § be a segment. Let ® be the set of 


finite sequences «== {0:,-- `, Om} of elements a;54 0 of S. We define an 
evidently associative product in ® by juxtaposition: if a == {a,' ` *, üm} 
and B= {bi,---,bn}, then aß == {a,' - +, Gm, b1,' °°, bn}. The mapping 
g —> Ila == 402° ` * Am is evidently a homomorphism of ® onto S:II(«B) 


== (Ila) (18). We say that B is a refinement of a if there exist elements 
Pis’ © +, Bm of ® such that B == 8,8.- > + Bm and Bi = a; (t==1,:-°+,m). 
The relation “is a refinement of ” is transitive and reflexive. 


Lemma 3.1. If x1,%,: + +,2, are elements of a segment 8, and if à 
and 4 are positive integers <sr such that tite: + ` ty = 2%_.'' Bj ©, 
then i= j. 


Proof. Immediate from Lemma 2. 2. 


11 
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LEMMA. 3.2. Let a = {Qu -, üm} E= {£u , Up}, and n= {Yn Y 
be elements of &. Then é and &y cannot both be refinements of a. 


Proof. If é is a refinement of «, there exists + such that a, = tit" * ` %. 
If & is also a refinement of a, then either there exists 7 such that 
Oy == Tito” +2; Or else k such that a, = 202° ` ` pY * Yn. Since 
a, 5 00, Lemma 8. 1 implies that the first case must hold, and i = 7. Letting 
a” = {d © +, Am} and E = {£i © +, 2p} we then see that & and y are 


both refinements of «’, and the result follows by induction on the length of æ. 


Lemma 3.3. There exists a single-valued function associating with each 
pair of elements a, B of ® an element y of ® such that exactly one of the 
following propositions holds: 


(1) y is a common refinement of a and B; 


(2) y is a refinement of a, and there exists Ge ® such that yè is a 


refinement of B; 


(3) y is a refinement of B, and there exists Se such that yd is a 
refinement of æ. 


Remark. y will be called the greatest common part (GCP) of a and B. 


Proof. Let «= {01,°--, am}, B = {bitt ba}. Define cı = min(m, b;). 
Recalling Lemma 2.4, we define elements a, B:, of & as follows: 


(1) if a = b, then a, = {a0,---,@n}, Bi == {ba > +, ba}; 
(2) if a, < ba then a, = {@," t, Om}, Bı = {01/01 Do, * *, bn} ; 
(3) if a, > b, then a, = {a,/ci, de, > * , an}, Bi = {ba > -, ba}. 


In each case, {c,}a, and {c:}B, are refinements of « and 8, respectively. We 
now do exactly the same thing to the pair «1, 8,: define €, to be the lesser of 
the initial terms of g, and B:, and define (8) to be the sequence ob- 
tained by lopping c+ off the front end of «:(B:), as described above. Since 
{ce}a, is a refinement a, {¢1, C2}@a == {C1} {co}, is a refinement of {c,}a, 
hence of g; similarly {c,, ¢2}B2 is a refinement of 8. Continuing this process, 
we construct a sequence of pairs of elements o; 8; of &, together with a sequence 
of elements c; of S, such that (for each +—1,2,---) {e1,-- -,c}o,; and - 
{c1 © +, G}f are refinements of œ and 8 respectively. 

To avoid circumlocution, we adjoin to S the empty sequence, for the 
present proof only. The above process must terminate in a finite number p 
of steps, for at each step at least one of the pair a, B; is shortened. Then ap, 
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or Bp, or both, is the empty sequence. Let y== {c,,° : *, Cp}. ya and yf, 

are refinements of « and £, respectively. If both a, and Bp are empty, we are 

in Case (1). If just « is empty, we are in Case (2) with ô= 8p If just 
Bp is empty, we are in Case (3) with § = a. 

| We define a~B («a Be) if « and 8 have a common refinement 

(“e r.”) in @ Clearly ~ is reflexive and symmetric. 


Lemma 8.4, The relation ~ is transitive. 


Proof. Let a, B, y be elements of & such that «~ 8 and B~y. Let é 
be a c.r. of @ and B, and let y be a c.r. of B and y. Let £ be the GCP 
(Lemma 3.3) of é and y. If Case (1) holds, ie. £ is a c.r. of é and n, 
then, since é and » are respective refinements of g and y, we conclude that 
£is a c.r. of a and y, whence «~y. We proceed to show that the other 
cases are impossible. Suppose e. g. that Case (2) held, i.e. £ is a refinement 
of € and £8 is a refinement of y for some ĝeẸ@. Since é and y are both 
refinements of 8, we conclude that £ and £8 are both refinements of 8, con- 
trary to Lemma 3.2. Case (3) is, of course, similar. 

Thus ~ is an equivalence relation in &. If a~ 8 then clearly ay ~ By 
and ya~ yB for every ye ®, i.e. ~ is a congruence relation, and the equi- 
valence classes under ~ constitute a semigroup T when multiplied in the usual 
way. It will be convenient, however, to regard the elements a, B,: - - of @ as 
themselves elements of T, with ~ as the equality relation. 


Lemma 3.5. T is commutative. 


Proof. If a,b e S— {co}, then {a,b} — {b,a}. This is trivial if a == b, 
and otherwise we may suppose a > b. Then a — bc for some ce 8. Since 
be = cb — a, we see that {b,c,b} is a c.r. of {a,b} and {b,a}. We may 
express this as {a}{b} — {b}{a}, and the lemma follows from the observation 
that the one-term sequences generate T. 


Lemma 3.6. The cancellation law holds in T. 


Proof. Let x= {t ` `, am}, B= {b1,- ++, bn}, y= {G1,- >, ep} be 
elements of T such that a8~ay. Let £— {xı - -,x,} be a cr. of af 


and ay. Then we have correspondingly a, == 2,82: - +a, and a, = Lita’ + +2; 
with 15, j=7r. By Lemma 3.1, i=j. But then # = {£un -,2,} is 
a c.r. of a’8 and ay, where of = {aa - -,@,}, and we may use induction 


on the length of «. 


Lemma 8.7. T does not contain elements a, B such that aß — a. 
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Proof. By induction on the length of a, we can show, by an argument 
similar to that used in the proof of “Lemma 8. 2, that «@ and « cannot have 
ac 7, 


COROLLARY. If « and R are associate elements of T (a = B and B= a) 
then a~ B. 


Lemma 3.8. T is naturally totally ordered. 


Proof. Let «, Be T, and let y be their GCP (Lemma 3.3). In Case (1), 
x~ 8B. In Case (2), y — & and y~ B, whence ad ~ f, ie asg in T. 
In Case (3), B<a The lemma then follows from the corollary to 
Lemma 3. 7. 


Lemma 3.9. (1) If ~B then Ila = IB. 
(2) If Wa—WBA ow, then a— $. 
(3) If a~ By then Ta = (H8) (Hy). 


Proof. (1) If isa c.r. of g and B, then Ha = Né = M8. (2) Let 
c == Ua = H8. Then « and 8 are refinements of {c}, whence a ~ {e} ~B. 
(3) Evidently (8y) — (18) (Hy), and Ie = (By) by (1). 


An n. t. o. semigroup 8 is called archimedean if, given any two elements 
a, b e S, there exists a positive integer r such that a" = b. 


Lexma 3.10. T is archimedean. 


Proof. First let a and b be elements 54 œ of 8. Let r be the index 
of a, and let == {a,a,: - -,a} with r terms each equal to a. Let 8 = {b}. 
Then è & Bin T. For otherwise yô— B for some y e T, and H8 = (Illy) (IE) 
by Lemma 3.9 (8). This is impossible, since T8 = b s4 œ, while Iè = a" 
= œ. Since 8 == {a}, we conclude that {a} = {0b}. 

Now let B— {b,,: >+, bn}. From the foregoing, there exist n posi- 
tive integers r:,° ° -,7, such that {a} = {Bb}, (i= 1,- -,n). Letting 
geet, Tta +H br, we have {a} =f. Finally, if «= {a,° + -, an} 
and B—{b,,: >; ba} we have {a} Z B for some r. But a = {a}, 
whence a” = B. 


THEOREM 3. Let K be an ordinally irreducible, naturally totally ordered, 
commutative semigroup, every element of which has finite index. Then there 
exists an archimedean, naturally totally ordered, commutative semigroup T, 
without identity element, and in which the cancellation law holds, such that: 
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(A) T contains an ideal To such that the factor semigroup T/T a, im 
the sense of Rees, is isomorphic with Ss and 


(B) T ts generated by the complement T — Ta of Ta in T. 


T is uniquely determined to within an isomorphism leaving fixed the elements 
of S— {co} if we identify S — {oo} with T — To 


Proof. We take for T the semigroup constructed above. We have already 
seen that 7’ is an archimedean, n. t. o., commutative semigroup in which the 
cancellation law holds (Lemmas 3.5, 3.6, 3.8, and 3.10). The set Te of 
all ae ZT such that Ie = œ is clearly an ideal of T. Lemma 3.9 shows 
that the mapping a — IIa, T,—>«, is an isomorphism between T/T, and S. 
For we may regard T/T, as composed of the elements of T — Te together 
with the set Te regarded as a single all-absorbing element. From {a:,:--,a»)} 
== {a,}- - - {@m} it is clear that T — T» generates T. 


To prove the uniqueness, let 7” be another semigroup with all the 
properties stated in the theorem for T, and identify T — T'e with S — {œ}. 
We shall establish an isomorphism of T onto T” whereby each one-term 
sequence {a} in T maps into the element a 54 œ of S. We denote the product 
of two elements g’, 8’ of T’ by a’ 0p’. Then if a,beS we have aob == ab 
provided ab = œ. 

Each sequence æ == {@,,: * -,@m} of ® determines an element a’ = Wa 
= 0 0° ` 0m of T”. If € is a refinement of a, we easily see that 
W= Ila, and consequently «~ 8 implies We = W8. Hence « — W'a is a 
single-valued mapping of T into T’, in fact onto T” by (B), and is evidently 
a homomorphism. If «48 in T, then Wa W8. For if, say, « > B, then 
x == By for some ye T, and Wa = (W8) (Wy). Since cancellation holds in 
T, and T’ has no identity element, this implies Wea 418. Hence « — Wa 
is an isomorphism of T onto T’, and evidently {a} — {a} =a for every 
ae S— {00}. 


4, Completion of a segment. Let S be an n. t. 0. subsemigroup of an 
n. t. o. semigroup 3. We shall say that S is everywhere dense (“e.d.”) in 3 
if (1) $S contains the greatest and the least element of $, if such exist, and 
(2) for every pair «, @ of distinct elements of X, either there is an element 
of S between them, or else there is no element of 3 between them, and in 
the latter event both & and 8 belong to S. (The reason for this last condition 
is given in Remark 6 of section 5.) 

Let 3 be a non-discrete segment. Then 3 has no least element, and any 


“~~ 
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subsemigroup of X contains the ultimate element co of 3. From Lemma 2. 6 
we conclude: i 


LEMMA 4.1. An n. t.o. subsemigroup K of a non-discrete segment 3 1s 
everywhere dense in X if and only if there is an element of S between every 
pair of distinct elements of 3 except the pair œ¥, œ, where œ¥ is the pen- 
ultimate element of & (if such exists), and in this event, o* (as well as œ) 
belongs to S. 


If X is a discrete segment (hence a finite cyclic semigroup), then an 
n.t.o. subsemigroup of X is e.d. in X if and only if it coincides with &. 

An n. t.o. semigroup X is called (conditionally) complete if every subset 
of X bounded from above has a least upper bound (LUB). This is equi- 
valent to the dual property, that every subset of X bounded from below has 
a greatest lower bound (GLB). Of course, every subset of a segment is 
bounded from above (by «). 

In the following theorem, P, and P*, denote the semigroups defined in 
the introduction. 


THEOREM 4. Let S be a non-discrete, ordinally irreducible, naturally 
totally ordered, commutative semigroup, every element of which has finite 
index. Then there exists a uniquely determined isomorphism of S onto an 
everywhere dense subsemigroup of either P, or P*, (but not both), the former 
if S is dense, and the latter if S is dense-except-at-co. 


Proof. Let T be the semigroup described in Theorem 3. By Hôlder’s 
theorem, mentioned in the introduction, there exists an isomorphism y of T 
onto an e.d. subsemigroup yT of the additive semigroup P of all positive 
real numbers. According to Theorem 8, S is isomorphic with the factor 
semigroup T/T in the sense of Rees. For convenience, we shall identify 
F = S—{o} with T— Te Let À be the GLB in P of ¥T.. Setting 
$ = 6, where 4 is the automorphism £— AE of P (EeP), ¢ is an iso- 
morphism of T onto an e.d. subsemigroup T of P such that the GLB in P 
of pT» is the real number 1. #89” is an e. d. subset of the open interval (0,1), 
and contains 1 if and only if S has a greatest element, and the latter must then 
be the penultimate element o* of S. By Lemma 4.1, 68 is an e. d. subsemi- 
group of P, or P*;, according to whether $ does not or does have a penultimate 
element. (Of course we extend $ so that it maps the ultimate element of S 
onto that of P, or P*,.) 

Since an e.d. subsemigroup of a segment 5 has a penultimate element 
if and only if 3 has ‘one, it is clear that $ cannot be isomorphic with e. d. 
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subsemigroups of both P, and P*,. Suppose ¢, and #, are two isomorphisms 
of § onto e.d. subsemigroups Sı == 159, S2 = $8 of P, (or P*:). Then 
2d1 + is an isomorphism of S, onto S. As a continuous function defined 
on an e. d. subset of the interval (0,1), ¢e¢17? can be extended in the usual 
way to a continuous function y on P, (or P*,) to itself, and y is evidently 
an automorphism. But the only such is the identity mapping. This can be 
seen, for example, by noting that each element of the e. d. subsemigroup of 
P, (or P*,) generated by the numbers 2-* (i = 1,2," + -) must be left fixed. 
Hence dı = 2. 


COROLARY. P, and P*, are, to within isomorphism, the only complete 
non-discrete segments. 


Proof. I£ § is a complete, non-discrete segment, and ¢ is an isomorphism 
of § onto an e.d. subsemigroup $9 of P, or P*,, then 4S is also complete, 
and so must coincide with P, or P*, (as the case may be). 


5. Concluding remarks. 


Remark 1. Theorem 1 still holds if we delete the word “ naturally.” 
The proof becomes almost trivial when freed of the necessity of proving that 
such and such a t. o. is natural. The notions of “ upper class ” and “ ideal ” 
are no longer synonymous, and we must use the former. The result is of 
limited value because the corresponding condition of ordinal irreducibility 
is far weaker than before. It is satisfied by Examples 3, 5, 8, 10, 12, and 14 
in [7]. 


Remark 2. We may obtain a partial reduction of an n. t.o. semigroup 
S by means of the set E of idempotent elements of S. E is an n. t.o. sub- 
semigroup of S with ef —max(e,f) for all e fe E. Let J be the set of all 
cuts of the t. o. set F, as defined in section 1. For each «sJ, let La and Re 
be the lower and upper classes, respectively, of « Define S, to be the set of 
all ce S satisfying (i) ee La implies e < x, and (ii) fe Ra implies «Sf. 
Then it is readily seen from Lemma 2.1 that each 9, is a (possibly empty) 
n. t. o. subsemigroup of S, and that S is their ordinal sum. In fact, Lemma 
2. 1 states that the set pe of all eS satisfying > e is an absorbent prime 
ideal. So also are we U by and qq == N pe; and Sa == Qa — Pa. Each 
Sq contains at most one idempotent element hi and if so, ĉa is the ultimate 


element of Sa (cf. Theorem 2). If every element of S has finite index, then 
the S, are ordinally irreducible. ‘ 
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' Remark 3. Let § be an n.t.o. semigroup in which the cancellation 
law holds. If ab — b for some a,b ¢S, we see at once that a is the identity 
element of S. Hence $ is ordinally irreducible unless it has an identity 
element 7, and in the latter event it is the ordinal sum of the irreducible 
n. t.o. semigroups {i} and S— {i}. If we order the quotient group @ of 
S in the usual way (cf. [6], Theorem 5, p. 182), G becomes a t.o. commu- 
tative group, and S consists of all elements 2% (or >+), where ¢ is the 
identity element of G. Conversely, the set of all non-negative (or of all 
positive) elements of a t.o. abelian group is an n.t.0. semigroup with 
cancellation. 


Remark 4. We show here that an archimedean n. t. 0. semigroup Ñ, in 
which the cancellation law does not hold, is a segment. For then a, b, ¢ 
exist in S such that ab — ac and b < c. bd = c for some de 5, and ab = abd. 
Writing f= ab, we have f = df = d'f —::-,." Since d” =f for some n, 
we have f=d"f=f*?, whence f? =f. For any ae S we have f* =a for 
some n, hence f = a, i.e. f is the ultimate element œ of §. For any aes 
we also have a” = oo for some n, i.e. @* — œ, and we have observed in section 
2 that such a semigroup is a segment. 


If the cancellation law holds, then a complete n. t. o. semigroup is archi- 
medean. This is not so if the cancellation law does not hold. For example, 
let S be the ordinal sum of a conditionally complete t.o. set of complete 
segments S, (re I), such that 8, is discrete if r has no immediate predecessor 
in J. In fact this is the most general complete n. t. o. semigroup if we allow 
the cancellation law to hold in Sa, where x is the greatest element in I (if 
such exists). 


Remark 5. The completion of a segment S can be carried out by means 
of cuts in the t. o. set S. The closure a’ of a lower class a of S is defined as 
follows: if a has a LUB a, in S, then a’ aU {a}, and otherwise a’ = a. 
a is closed if a’ — a. Let © be the set of closed lower classes of S. Define 
a o b = (ab)’, where a, be ©, and ab denotes the set of all ab with a £a, b eb. 
© becomes thereby a complete n. t.o. semigroup. For ae 8, the set (a) of 
all z <<a is called the principal closed lower class defined by a. The set Gy 
of all such is an e.d. subsemigroup of © isomorphic with S. © is unique 
in the following sense: if 3 is any complete segment containing S as an e. d. 
subsegment, there exists an isomorphism between 3 and © whereby a <> (a) 
for allaeS. The corollary to Theorem 4 is shown by constructing an e.d. 
subsemigroup Q of the given complete segment S which is isomorphic with 


COMMUTATIVE SEMIGROUPS. 645 


the e. d. subsemigroup Q’ of P, or P*, (depending on the type of 8) generated 
by the numbers 2-4 (¢=1,2,---), and then using the above uniqueness 
theorem. . 

All this sounds very simple and quite the usual thing, but the dual 
procedure breaks down. The binary operation o defined dually for closed 
upper classes is no longer associative. For example, take the subsemigroup Q’ 
of P*, mentioned above. Let (a) denote the set of all ce Q’ satisfying x = a 
(even if af Q). Take a= (1/6), b= (1/3), c = (1/2). Then 


ao b = (1/2), (ach) oc = {%2,0}; 
b o ¢ = (5/6), ao (boc) = {oo}. 


Proof of the associativity of o depends upon the following lemma: a segment 
S is lower semi-continuous in the sense that if A and B are subsets of S with 
LUB’s a» and bo, respectively, then ab, is the LUB of AB. The dual of this 
lemma breaks down when 8 has a penultimate element o*, and dobo = © *: 
let A be the set of all a >a, and B that of all b > bo; then ab — œ for 
every ae A, be B, so that the LUB of AB is (54 obo). 

On the other hand, multiplication of v-ideals is associative ([1], p. 601). 
The difficulty here is that every upper class of a segment $ is a v-ideal, and 
consequently the semigroup of all v-ideals is not n.t.o. For if a’ = (a), 
and a =a’ — {a}, there cannot exist a v-ideal b such that a’ = ab. 


Remark 6. Let S be an n.t.o. subsemigroup of a complete n.t. o. 
semigroup 3. We shall say that 3 is a normal completion of § if every 
element of X is the GLB of a subset of S. “This is concordant with the 
definition of “normal ideal arithmetic” given in [1], p. 605. Condition 
(N;), that a divides b relative to S (a, beS) if and only if a divides b 
relative to 3, is satisfied because S is n.t.0. Condition (N.) requires that 
every element of 3 be the GCD (= GLB) of a finite subset of S. But since 
the divisor chain condition was assumed in [1] to hold in 3, the qualification 
“finite ” could have been omitted. 

If 3 is a normal completion of a segment S, then X% is easily seen to be 
a segment also. $ is discrete if and only if X is discrete, and then § = 3; 
otherwise S and X are either both dense, or both dense-except-at-oo. If S is 
a subsemigroup of a complete segment 3, then 3 is a normal completion of 8 
if and only if S is e. d. in 3. Theorem 4 implies that every segment possesses 
a unique normal completion. 

If 3 is a normal completion of a segment S, then every element of 3 is 
also the LUB of a subset of S. The following example shows that the converse 
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is not true. Let $ — P*,, and let § be the subsemigroup of P*, consisting of 
all rational multiples of 24, together’ with oo. Every element of P*, is the 
LUB of a subset of S, but 1 (== o*) is not the GLB of a subset of 8S. 
S would be e.d. in P*, were it not that 128. This example explains why 
we required o*e 8 in the definition of “everywhere dense,” in section 4. 
If we regarded $ as e. d. in P*,, then (since § itself is dense) the uniqueness 
clause in Theorem 4 would not hold. 


Remark 7 (added January 7, 1954). In a recent conversation, Professor 
A. M. Gleason told me that the results of the present paper are closely related 
to certain work of his own, namely the developments of section 2 of reference 
[2], especially Lemma 3. In fact, although he did not publish it, Professor 
Gleason was aware of both Theorem 1 and the Corollary to Theorem 4 in the 
case S is compact and connected in its order topology. 
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SIMPLE BASIC SETS OF POLYNOMIALS.* 


By M. N. MixHarr. 


1. Introduction. The subject of basic sets of polynomials was introduced 
by J. M. Whittaker. For such a set {p,(z)} any polynomial and in particular 
the polynomial z” admits a unique finite representation of the form: 


2" == Seni pi(2) = Berni dypiz2), 


. le. {ay}, {py} are the basic sets of operators and coefficients, respectively, 
associated with the set {p,(2)}. 

Thus any set of polynomials {p,(z)}, where p,(2) is of degree n, is basic 
and is said to be simple. 

Associated with any function f(z) regular about the origin, there is a 
basic series S,I1,f (0)p,(2), where the operator I, is given by: 


IT, == Ton + Tind/d2 -|- rond? /dz° 4- Dea 


The series is said to be effective on |z | = R, if it represents in and on 
| z | = R every function which is regular in and on |z | =R. 

The reciprocal set of polynomials of {p,(z)} is denoted by {p,(z)}* and 
is defined by: 27 == Sipasdjrij2?. | 
_ The product set {u,(2)} — {p:(2)}{qn(z)} is defined by the relations: 
AE Finiti (2) = Sipninj lize? P where Uij = SnPinQnis pij = SnAGhThj- 

The quotient set {u,(2)} = {p:(2)}{q1(2)}* is defined accordingly by: 
Wij == VaDinrAng, pag == Saints: 

According to Theorem 1 [1], the order w of the basic set of polynomials 
{pa(z)} is defined as follows: w = lim sup, (n log n) log maxi; | ans | | py |. 


2. In this paper, I investgate the order and the effectiveness of the 
reciprocal, product, and quotient sets of some class of basic sets of polynomials. 
My treatment deals with non-normalised simple sets, so that my results imply 
the results in [2, 3, 4, 5 and 6] for normalised simple sets. This investigation 
has been made possible by applying some of my results [1]. 


* Received April 15, 1953. 
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3. I prove in this paper the following theorems: 


THEOREM 1. Let {p,(z)} be a simple basic set of polynomials of order o 
and such that | pun | = O(n") (h, finite) ; then its reciprocal set is of order 
w* such that 40 = oë = Ru. | 


— 
—_— 


THEOREM 2. Let {p,(2)}, {gn(%)} be two simple basic sets of poly- 
nomials such that | dan | == O(n") (h, finite), and of orders ap, wg respectively 
and wp > 2vqg=0. Then the product set {u,(z)} = {pn(2) }{qn(z)} is of 
order wy such that: wp + Roy = wy = wp — 2g. 


THEOREM 3. Let {p,(2)}, {Qn(#)} be two simple basic sets of poly- 
nomials such that | Pun | = | qan | = O(n") (h, finite) and of orders wp, wg 
respectively, and w > Rwp Z0. Then the order of the product set 
{un(2)} == {pn(2)}{Gn(Z)} 18 wy such that: wp + 2wg Z wy = Fug — wp. 


THEOREM 4. Let {p,(2)} be a simple basic set of polynomials such that 
| Pun | = O(n") (h, finite) and CS1. Then both the set and its reciprocal 
set are effective in the same region. 


THEOREM 5. Let {p,(z)}, {gn(z)} be two simple basic sets of poly- 
nomials such that | qu | = O(n") (h, finite). Then both the product set 


{Pn(z)}{qn(z)} and the quotient set {pn(z)}{qn(z)}* are effective on 
| z | =R, where R = max(b,; bo). 


Proof of Theorem 1. We have 
o* == lim sup, (n log n)- log maxi; | pu | | mi |, by Theorem 1 of [1] 
== lim sup, (n log n) log | Paie] | mii) (n Z iln) Z j(n)). 
== lim sup, { (log n)* log | Phim | + (n log n)-* log | mimi | }- 
Since | pan | = O(n"), we have: 
lim (n log n) log | wan | = 0 and lim (n log n) log | py | =0 (n—c). 
Therefore, we can write 


w* == lim sup, (n log n) log | wan | | Paim) | 
+ lim sup, (n log n)-* log | ritmi | | Pimi | - 


Then o” S o + wv = 2. In a similar way, we get oS w* + o* = 20*. So 
-Jo S o” S Ro. 
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Proof of Theorem 2. (a) Since both sets are simple, a, = ag = 1. By 
Theorem 3 of [1], we get f 
wpq = lim sup, (n log n)-* log max, | Anm | 


F wp + | lim sup, (n log n)~* log max; | gn; | , 
but 


lim sup, (n log n)™ log max, | Anm | == lim sup, (n log n)-* log | Am) | 
= lim SUP: (n log n) log | Aami, | Gm(n)min) | > 
because | gan | = O(n") for all n. So, by Theorem 1 of [1], 


lim sup, (n log n)~* log maxm | Anm | SS wg. 


Also 
| lim sup, (n log n) log max; | qa; | | = | lim sup, (n log 2)-* log| gn jen) | 
= | lim sup, (n log n)™ log | Ann | | gaj] | 
because, since the set is simple, | Ann | = | dun |. Then 


| lim sup, (n log n) log max; | qu; | | S ag, 
by Theorem 1 of [1]. Hence opg SS wp + Roy. 
(b) Since 
{un(2)} = {pal2)}{qnl(2)}, it is seen that {p,(2)} = {un(2)}{ga(2)}*. 
Since a) == @y—1, by Theorem 4 of [1], we get 
wp Slim sup, (n log n)! log max, | Gun | 


+ ou + | lim sup, (n log n)-? log max; | Anj ||. 
But 


lim sup, (n log n) log max» | un | == lim sup, (n log )-1 log | gamin| 
— lim stp, (n log n) log | An | | Qumtn) | S og 
by Theorem 1 of [1]. And 
lim sup, (n log n) log max; | À; | = lim sup, (n log n) log | Anginy| 
= lim sup, (n log n) log | Anja] | Ganson | E wa 
by Theorem 1 of [1]. Hence 
op Z wg + au + wg = Zog + vu, 


1. €, wy Z wp — 2g. Thus the theorem is proved. 


— 
—_— 
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Proof of Theorem 3. (a) It has been proved in the last theorem that 
Cag = Wy + Zw, i 


(b) Since {wn(z)} = {pa(z)}{gn(z)}, then {qn(z)} = (pa(2)}*{un(z)}- 
Hence from (a), we obtain wg © wp” + 2u,. But from Theorem 1, we know 
that op” = 2w,, so that wg SS Bop + Rey, 1. €, wu = Fog — wp Thus 


Op + Log = wy = fog — wp. 
Proof of Theorem 4. By Theorem 7 of [1], {pn(z)} is effective on 
| z | = R, where R = b, and {p,(2)}* is effective on |z | — R where R = b* 
if C*=1. Thus, the proof of Theorem 4 will be given in two parts: 
(a) C* = 1, (b) b* =b. 
(a) C* = supa [lim sup, {supi | pas | | mian] y], 


= supa) [lim supa{| Priem | | imam |}/*]. 
nZiz d(n)). 
Since | Pan | = O(n") and the set is simple, then 


+ = supan) [lim supa{{| ana | | Price |}? 
X {{| rimam | | Pama |} my]. 


But, as n 00, lim i(n)/n = lim d(n)/n = 1. Hence C* < C-O S 1 (because 
CS1). 


(b) b* == sups(ny [lim supa {supi | Pm | | misen |} V00 
= SUPs(n) [lim SUpr{| Pnitn)| | tiem scm |} 0D]. 
Since, as n—>0o, lim i(n)/n = 1, there are two sub-cases: 
(1) lim i(n)/n = 1, (2) lim i(n)/n < 1. 
(1) If lim i(n)/n = 1, we have 
b* == sups(n) [lim supn{{| aan | | Priem |} rem 
X lim supn{ {| Ti(n) s(n) | | Ds(n) s(n) | }2/€e()-8(m))} Cin- la)/a], 
so that 6* = 1 X b (because C = 1). 
(2) If limi(n)/n < 1, we get 
b* — sUPs(ny [lim supa{{| ann | | Prin) |} 0t) } OF iG))/G-8(n)) 
X lim supn{ {| tims | | Psm se) |J CD} GOD-8/n-am)) 
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so that b* does not exceed 
SUPs(n) [lim SUP»: { b (s(n)) } (n-i(n)}/(n-s(n)). {b(s (n)) } (i(n)-s())/(n-s(n)) 


Then b* <b. Similarly it can be proved that b = b*. Hence b* — b, and 
the result of the theorem follows. 


Proof of Theorem 5. The proof of this theorem is in two parts: 
(a) Cna € 1, (b) bpa = max (bp; by). 
(a) Coa = supa(n [lim SUP: {SUPmis | Anm | | ami | [Peo | | Geacny|}/*] 
= supaim) [lim supa{| Anmin| | mmenyieu)| | Pima | | Gorman |7]. 
Since | gan | == O(n”) and the set is simple, then 
Coq = SUPacny [lim supa{{| Aumen) | | Ymenyminy |}? 
X {{] minin | | Pimec |} FL} Asmam | | Jaena |}2/2} ] 
since n= m St =ecZ dn) and O <1, CEA Thus Cp, 1. 
(b) bra == SUPs(n) [lim supa {| Amen) | | ameme || Picnyo(n)| | Ga(nys(ny | 77/7800), 
Then 
(5.1) Öpa = SUPsen) [lim supn{| Amen) | | Pminymen |J 0e 
X lim supr {| aminin | | Bicmy s(n) | JYO 
X lim supa{] Asmam | | gainsen J0, 
since m(n) = iln) = e(n) = s(n) and, as n-o, 
1 = lim m(n)/n = lim i(n)/n = lim 2{n)/n. 


There are many cases for the value of b,, due to the possible values of m(n), 
in), z(n) and s(n). I shall be satisfied to treat here two cases because the 
other cases can be treated in a similar way. 


(1). lim min)/n=1, 1>lima(m)/n > lim s(n)/n, 
then (5.1) gives 
bpa = SUPs(ny [lim supn{{] Anmen) | | Gm cay (ny [77/77/80 
X lim supa{{| Tminjitn) | | Pecnyacny | }2/OP-2@))} n(n)-2(m))/(r-a(n)) 
X lim supa{{] Actmetn) | | Gen) stn) |} C00} an-s) in-s], 
S sups [lim supa{1 X {B(5(n)) } P2- 
X {8 (a(n) J E-san] 
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(because C, = 1). Hence b,, = max(b,; bo). 

(2) 1 > lim m(n)/n = lim a(n)/n > lim s(n)/n, then (5.1) gives 

bpa = SUPs(n) [lim supa{{{] Aumen) | | Yaecmym(ny | 77/0) TOR (DI/Gr- 8 CRD) 

X {£| ammin] | Pecmyecny [PY mors) 
x {{| Avia) zin) | | Join) s(n) |}4/0m)-8(n))} ((n)-8(2)/(n-s(n))}] 
SS sups(n) [lim sup, { {Bq(s(m))} mm /n-am)) 
xix {8q(s(1n))} Ea a-e) ] 

(because C, < 1). Hence bp max (bp; bo). In a similar way, we find 
that in every case 
(5. 2) Ong = max (bp; Da). 

Since always G e. in every possible case) 

bpa = Supacny [lim supa{| Anm | | mmi | | Pie | | gosea [370], 

for all values of m, i and x, consider the two cases (i) bp = bg or (ii) bg > dp. 

G) If bp = b,, then by, is not less than 

sups(n) [lim supn{supi{| Ann | | mni | | Preem | | gems |} 0}]. 

Then by = bp 

(ii) If bg > bp, then bz, is not less than 

SUPs(m [lim supa{supi{| Ani | | wa | | Pisen) | | Genyscny|}/2O} I. 

Then bp = bo | 

Combining the results of (i) and (ii), we get 
(5. 3) bpa = max (bp; ba). 
Hence in view of (5.2) and (5.3), we have bp = max (bp; ba). Then by 
Theorem 9 of [1], the product set {pn(z)}{gn(z)} is effective on |z |= R, 
where R = max (bp; b,). 


In a similar way, it can be proved that the quotient set {pn(z)}{qn(z)}* 
is effective on |z | == R, where R = max (bp; ba). 
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LENGTHS OF PRIME IDEAL CHAINS.* 


By I. S. COHEN. 


Introduction. Given a commutative ring À and a prime ideal p in A, 
we may consider the maximal lengths of chains of prime ideals contained in p 
and containing p. These give rise to the height and depth of p (usually called 
the rank and dimension) ; see section 1 for the precise definitions. If § is a 
ring containing À, and P a prime ideal in S contracting to p, then we are 
concerned with the relation between the heights and depths of P and p. For 
Noetherian rings, with which this paper is principally concerned, partial 
answers are given in Theorems 1 and 4, the latter generalizing some of the 
results on dimension in Krull [8]. The results on height are motivated by 
some well known theorems on valuations of algebraic function fields; these 
are stated as corollaries to Theorems 1 and 8. These results will moreover be 
applied in a subsequent paper to the theory of valuations of local rings. 


1. Elementary properties. The term ring will always mean a commu- 
tative ring with identity. A proper ideal in a ring R is an ideal different 
from (0) and R. The term prime ideal shall always refer to one which is 
æ R, though not necessarily + (0). 


Definition. Let À be a ring. A prime ideal chain (or simply a chain) 
in R of length k is a collection of k + 1 prime ideals in À, ordered by inclusion. 


In other words, a chain of length k is a collection of prime ideals 
Pos Pas ` *; Pe, Which, when suitably numbered, satisfy 


(1) PLPL ++ <p LR? 


The chain is said to begin with p, and to end with px. The chain is said to 
be maximal if no further prime ideal can be Inserted between p;, and p; for 
i= ], 2, -, k. 


* Received August 9, 1953. 

1 If A and B are sets, we write A C B to denote that À is a subset of B and A< B 
to denote that A is a proper subset of B. We point out explicitly that in the definition 
of chain the possibility po = (0) is not excluded. 
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Definition. Let p be a prime ideal in a ring R. The depth? (height) 
of p is the maximum. length over all chains in R beginning (ending) with p. 


The depth and height of p will be denoted by d(p) and h(p) respectively ; 
either may be infinite. Clearly d(p) —0 if and only if p is maximal; 
h(p) = 0 if and only if p contains ‘no other prime ideal of R. It is known 
that in a Noetherian ring h(p) <œ, but d(p) may =œ [7, section 8].° 
If R is a local ring, then also d(p) < co. 

If p is of height k, then there exists a chain (1) with p = pz; this chain 
is necessarily maximal, and pə can contain no other prime ideal of £, so that 
if R is an integral domain, then p, == (0). Not every maximal chain ending 
with p need be of length k, as can be shown by simple examples of rings with 
zero divisors. Whether this unpleasant phenomenon may occur even when À 
is an integral domain is an unsolved problem, which we shall refer to as 
“the maximal chain problem.” 

Still assuming that p is of height k and that p— pp in (1), we see 
clearly that p; is of height 74,7—0,1,---,%. Also p/p; is of height k— i 
in the ring R/p;. If p and q are prime ideals in À such that g C p, then 
clearly 


(2) h(q) +h(p/q) Shp). 


One might hope for equality when È is an integral domain, but this question 
is equivalent to the maximal chain problem mentioned above. 

Let M be a subset of R closed under multiplication and containing no 
zero divisor of À, and let Fy denote, as usual, the quotient ring. If p is a 
prime ideal not meeting M, then elementary properties of the quotient ring 
show that h(p) = h(Rup). 

Observe that from (2) we may conclude that if q < p, then h(g) < h(p). 

Entirely similar statements can be made about d(p). 


Definition. Let R and S be rings, R C 8, P a prime ideal in J, 
p=PN R. Then the R-dimension of P, to be denoted by dim P/R, is 
dt(S/P)/(R/p), where “dt” means degree of transcendence. 


If R is a field, then dim P/R = dt(S/P)/R; this definition is well 
known for prime ideals in a polynomial ring over a field. 


* With regard to terminology, see the remarks following Lemma 1. 

* Numbers in brackets refer to the bibliography at the end of the paper. 

t When we write RC 8S, we always assume that R and § have the same identity 
` element. : 
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x 
“ 


If Q is a prime ideal in $ such that Q C P, and if we place q= Q N R, 
then j 


(3) dim P/R — dim (P/Q)/ (8/4). 


For inasmuch as P/Q N E/q = p/q, the right side is the degree of trans- 
cendence of (8/Q)/ (P/Q) over (E/q)/ (p/q). Since these two rings are 
isomorphic respectively to S/P and R/p, the right side equals dim P/R. 
To see the behavior of the dimension under quotient ring formation, 
let us assume § is an integral domain. Let M and N be multiplicatively 


Sy 
— 
Ry 8 
Seo 
R 


closed subsets of À and S respectively, not containing 0, such that M C N; 
then Ry C Sy. If, now, P is a prime ideal in S not meeting N, then 


(4) dim (SyP)/Rar— dim P/R. : 


For inasmuch as SyP N Ry = Ryp, the left side is the transcendence degree 
of Sy/SyP over Ry/Ryp. Now Sy/SyP can be regarded in a natural way 
as containing $/P, and indeed it is then a quotient ring of S/P, namely with 
respect to the set of the residue classes of the elements of N. Similarly, 
Ry/Ryp can be regarded as a quotient ring of R/p. Hence the degree of 
transcendence just referred to equals dt(S/P)/(R/p) = dim P/R, and (4) 
is proved. 

The dimension is additive—i.e., if Æ, is a subring of R, then dim P/R, 
= dim P/R + dim p/Ro. 

The elementary properties of the dimension and of the height here 
referred to, as well as the analogous properties of the depth, will in the 
sequel be freely used without further comment. 

In an important elementary case, the dimension and height are closely 
related : 


Lemma 1. Let Rand S be integral domains, R C 8, S finitely generated 
over R, Q a prime ideal in S such that Q N R = (0). Then h(Q) + dim Q/R 
= dt S/R. 


Proof. When R is a field, this is a classical result [4, p. 48]. In the 
general case, let M denote the set of nonzero elements of À, so that Ry C Si, 
Ry is the quotient field of À, and Sy is finitely generated over Ry. Then by 
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the classical result, 2(SaQ) + dim PAU — dt Sy/Ru. Since dt Su/Ru 
— dt S/À, the lemma: follows. 

If R is a field, then it is also well known [loc. cit.] that d(Q) — dim Q/R. 
For this reason the term dimension has generally been used for what we have 
called the depth. However the two are not in general equal (e. g., the maximal 
ideal of the local ring of a subvariety of positive dimension of an algebraic 
variety), and we have therefore preferred to use different terms. What we 
have called the height has been generally called the rank or the dimension 
defect, the latter term finding some justification in the formula proved in 
the lemma. 


2. The defect. We now introduce some notations which will be held 
fixed for the remainder of the paper. R and S are integral domains such 
that R CS, P is prime in BS, 


p= PN RB, R= R/9, $ = S/P, 


K, L, K, L are the respective quotient fields of R, S, À, 8. The capital letter 
X will always denote an indeterminate. 

We are concerned here with the proof, under certain conditions, of the 
following relation: 


(5) h(P) + dt 5/RSh(p) + dt S/R. 


We assume the right side to be finite since otherwise there is nothing to 
prove. It is then useful to study systematically the difference of the two 
sides of (5). 


Definition. Ti h(p) and dt S/E are finite, then the defect of P over R, 
to be denoted by def P/R, is given by 


def P/R = dt S/R + [h(p) —h(P)] — dim P/R. 


The defect of P over R is thus an integer or —oo, and indeed any such 
value is possible for suitable R, S and P. We are to prove that under certain 
conditions it is non-negative. 


Lemma 2. (a) The defect is additive. I.e., suppose R, is an integral 
domain contained in R, and let pe =pN R; then if h(po), h(p), and 
dt S/R, are finite, then def P/R. = def P/R + def p/Ry. 


(b) Let M and N be multiplicatively closed subsets of R and K 
respectively such that M C N and N does not meet P. If either one of 
def P/R, def SyP/Ry ts defined, then so is the other, and they are equal. 
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(c) Let Q be a prime ideal of S contained in P, let Q O R= (0), 
and let S be finitely generated over R. If h(p) is- finite, then def P/R 
< def (P/Q)/R, with equality holding if and only tf h(P) = h(Q) + A(P/Q). 


(d) If S is integrally dependent on R and h(p) is finite, then 
def P/R = 0; and if R ts integrally closed, then def P/R = 0. 


Proof. (a) It follows from the hypothesis of (a) that all three defects 
are defined. The additivity then follows from the fact that all three terms 
of which the defect is a sum are additive. 


(b) This follows from facts previously stated about dimension and 
height. i 


(c) Note that & can be imbedded in natural fashion into S/Q. When 
this is done, then (P/Q)N E =p. Now dim P/R = dim (P/Q)/Rk. From 
Lemma 1, 


dt S/R — h (P) = h (Q) + dim Q/R — h (P) 
— dt (8/9) /R + [M(Q) —h(P)] S at(8/Q)/R—h(P/Q), 


the last inequality because h(P) = h(Q) +h(P/Q). Thus (c) is proved. 


(d) In this case, dt S/R = dt S/R—0. That h(P) Sh(p) follows 
from the fact that the contraction to K of any chain ending in P yields a 
chain ending in p [5, Theorem 2], [1, Theorem 4]. If R is integrally closed, 
then any chain of, say, m prime ideals ending in p gives rise to a chain of 
length m ending in P. Namely, take P,,—P. By the “going down” 
theorem [5, Theorem 6], [1, Theorem 5], Pm contains a prime ideal Pm- 
lying over Pm; and we may obviously continue in this fashion. Both parts 
of (d) were proved by Krull [5, Theorems 7,81. It seems to be still an 
unsolved question whether inequality may actually hold when À is not 
integrally closed. 


Before proceeding to the proof of (5), we prove two well known lemmas 
on polynomial rings. 

LEMMA 3. Let W = R[X], let pı and p'a be two prime ideals in F’ 
having the same contraction p in R, with Pi < Pa Then pi = Rp. 

Proof. We note that R /R’p is a polynomial ring over R/p. In R’/R’p, 
p’./R'p and p’./R’p are prime ideals contracting in À/p to (0). Since we are 
trying to prove that p':ı/R'’p = (0), it follows that it is sufficient to prove 
the lemma under the additional hypothesis that p— (0). If K is the 
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quotient field of R, then K[X] is the quotient ring of RLY] with respect 
to the multiplicatively closed set of nonzero elements of R. Since neither 
p’, nor p's meets this set, their extensions to K[X] are prime ideals, with 
K[X]p' < K[X] p's < K[X]. Since K is a field, this requires K[X]p’, = (0). 

COROLLARY. If pi < p's < p's are prime ideals in RX], they cannot 
all have the same contraction in R. 


Lemma 4. Let R be a Noetherian integral domain, R = R[ X]. If p 
is a minimal prime ideal in R (1. e., the only prime ideal properly contained 
in pis (0)), then R’p is minimal in R. 


Proof. Iiyep, y 0, then p is an isolated prime ideal belonging to Ry, 
hence Æp is an isolated prime ideal belonging to Ry. Since À’ is Noetherian, 
the principal ideal theorem [7, Theorem 7*] implies that R’p is minimal in K. 

3. The main theorems on height. We are now in a position to prove 
the basic inequality (5) for the case where R is Noetherian. In order better 
to see just where the Noetherian character comes in, we state our theorem 
for a (potentially) wider class of rings. Whether this class is actually larger 
“will not be discussed in the present paper. 


THEOREM 1. Det D be a collection of integral domains having the 
following properties: 

(a) If AeD and if q is a prime ideal in R, then A/qe D. 

(b) If Ae D, then A[X]e QD. 


(c) If Ae D and if q is a minimal prime ideal in A, then A[X |q is 
a minimal prime in A[X]. 


Under these conditions, if Re D, then the inequality (5) holds’ 


Remarks. The collection of all Noetherian integral domains satisfies 
(a), (b), (c), the last by Lemma 4. If Ae D then (b) implies that any 
polynomial ring over À in.a finite number of indeterminates is also in D, 
and hence by (a) any integral domain finitely generated over A is in D. ` 
Observe that it is not required that S be in D. 


Proof. We assume that h(p) and dt S/R are finite and shall show that 
def P/R = 0. 


5 We point out once more that the notation introduced at the beginning of section 2 
is to be in force for the remainder of the paper. 


I 


t 
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Let m be any positive integer = A(P) (which may a priori be infinite). 
Then there exists in S a chain ~ 


(6) Po < PiK: -<Pn=P. 


For ¢==1,2,:--,m, let ve Pa té Pia If n is any non-negative integer 
< dt S/R, then there exist in § elements Jı, * - -, J algebraically independent 
over À. Let y; be a representative of 7; in S, and place 


f à 
E == Rx, 7 `s Tm Yi’ ° sn] 


PR, p= PNB, Ë = R'/p!. 
Thus 
hon Cp: p OR =p, Vo LPL Span =P, 
h(p) Zm, dt R/E =n. 


Assuming for the moment that we have proved that def p’/R= 0, we have 
h(p’) + dt R/RSh(p) + dt F/R, hence m+ nSh(p) + dt S/R for all 
m <Sh(P) and all n & dt $/#. And this proves the theorem. So it is enough 
to prove that def p’/R = 0, and since Æ is finitely generated over À we may 
henceforth confine ourselves to proving the theorem in the case where & is 
- finitely generated over R. 

Consider first the special case where # is a polynomial ring in one 
variable, S— R[X]. We proceed by induction on A(p). If k(p) = 0, then 
p = (0), and we must show that h(P) +dtS/ARS1. If P= (0), this is 
trivial; and if P Æ (0) then 8 is algebraic over À, and by Lemma 3, Cor., 
P is minimal, so that A (P) — 1, 

Now suppose h = A(p) > 0. If m is any positive integer = h(P), 
then there exists in S a chain of the type (6) above. It is enough to show 
that m + dtS/R=h+1. If m = 1, this is clear, so assume m= 2. Again 
by the corollary to Lemma 3, Pa N R is a nonzero ideal, necessarily of finite 
height. So it contains a minimal prime ideal po, and obviously p, C p. By 
hypothesis (c), Spo is minimal in S, hence Spo s£ Pa. Passing to S/Sp, and 
denoting images in this ring by an asterisk, we have h(P*) = m—1. 
. The ideal p* = p/p is prime in &* = R/p, and clearly h(p*) = h —1, 
P* N R* = p*. Moreover S* is a polynomial ring over R* and R*e D by 
hypothesis (a). Hence the induction hypothesis gives h(P*) + dim P*/R* 
SA(p*) +1. But dim P*/R* = dim P/R, so 


m — 1 + dim P/R S (A—1) +1, 


and this completes the proof for the case S = R[X]. 
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By induction it now follows for S a polynomial ring in any finite number 
of variables in view of the additivity of the defect. Induction is permitted 
by hypothesis (b). 

Finally, let S be any integral domain finitely generated over À. Then $ 
is the homomorphic image in a natural way of a polynomial ring 8, over R. 
Let Q, be the kernel and let P, be the complete inverse image of P. Then 


Qı C Pa, Qı N E= (0), Pı N È =p, P:/Q =P. 


By the polynomial case, def P,/R Z= 0. By Lemma 2(c), we have def P/R 
= def P,/R.. The proof is thus complete. 

Lemma 2(c), which we have just used, depends on Lemma 1, ehui in 
turn depends on the dimension theory of polynomial rings over a field. We 
could avoid the use of this dimension theory as follows. To prove Theorem 1 
for S finitely generated over R, we may assume S = R[x], since additivity 
of the defect permits induction. If x is transcendental we proceed as in the 
proof above. If x is algebraic, then © is the homomorphic image of a poly- 
nomial ring Sı = R[X], in one variable. With the notation of the pre- 
ceding paragraph, we have that &(P:)+dimP.i/RSk(p) +1. But 
A(P,) 2h(P) +1 and dim P,/R = dim P/F, whence the desired result. 
We have, in effect, used the fact that Lemma 1 is trivial if S — R| X] and 
Q is minimal. 


! 

COROLLARY 1. Let K be an algebraic function field of n variables over 
a field F. If v is a valuation of K over F of rank m and dimension d, then 
mtd=Hn. 


_ Proof. Ji S is the valuation ring of v and P is the maximal ideal of 8, 
then it is well known that h(P) —=m. Taking R = F, we get the stated 
result, since by definition, d — dt S/F. 


COROLLARY 2. If Re D and S is a polynomial ring over R in a finite 
number of indeterminates, then equality holds in (5). 


Proof. We may assume one indeterminate, S == R[X], dt S/R—1 If 
P = Sp, then dt S/R == 1, so the theorem reads h(P) =h(p). The opposite 
inequality is obtained by extending to § any chain in À ending in p. If 
Sp < P, then dt S/R = 0, so the theorem reads h(P) S< h(p) +1. But also 
A(P) = h(Sp) +1=—h(p) +1. 


One might attempt to extend Cor. 2 to the case where § is any domain 
finitely generated over R. If we proceed as in the last paragraph of the 
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proof of the theorem, success would require that we have def P/R = def P,/R. 
Referring to the proof of Lemma 2(c), this equality is equivalent to 
h(P) =h(Q) + h(P/Q) (in the notation of that lemma). So this exten- 
sion of Cor. 2 would be equivalent to a special case of the maximal chain 
problem. Even this special case appears to be unsolved. 

But it is easy to see that the conclusion of Cor. 2 may fail 1f S is not 
finitely generated over À. For let R be a polynomial ring over a field F in 
n variables X,,---,X,, let p= (Xut -, 4h). Let S be the valuation 
ring of a rank 1, 0-dimensional valuation of F(X, - :, #,) whose center 
in À is at p. If P is the maximal ideal of S, then dt S/R = dt S/R = 0, 
h(P) = 1, h(p) =n, def P/R =n— 1. This shows, by the way, that the 
defect may be any non-negative integer. 

Condition (c) of Theorem 1 asserts, in effect, that the conclusion of 
the theorem is true in a special case, namely § a polynomial ring over F 
in one variable and h(p) ==1. So we are able to conclude inequality (ë). 
in general from its validity in a special case. Along the same lines we have 


THEOREM 2. Let D be a collection of integral domains satisfying con- 
ditions (a) and (b) of Theorem 1, as well as 

(c) If Re D, if p is minimal in R, and if S has the same quotient 
field as R, then def P/R = 0. 


Under these conditions, mequality (5) holds generally, provided only 
that Re D. 


Proof. It is necessary only to prove that (c) of Theorem 1 holds. So 
let Ae D, q be minimal in A, and suppose A[X] ¢ is not minimal, so that 
there exists a prime ideal Q such that (0) < Q < A[X]g. Let S=A[X]/Q, 
and let P denote the image of A[X]q in this ring. By virtue of Lemma 3, 
there is no prime ideal between Q and A[Xjg, hence h(P) —1. Since 
Q N A= (0), S contains A and is algebraic over it. Also dim P/A 
== dim A[X]qg/A = 1, so def P/A ==— 1. But this easily leads to a contra- 
diction. For let « be the residue class of X in S. Let a be the leading 
coefficient of a nonzero polynomial in ©, so ax is integrally dependent on A. 
Let R= A[ax], so Re D, and S— R[x] has same quotient field as R. 
Let p = P N R, so p N Á = q, and hence p is minimal [1, Theorem 4]. By 
(c’), def P/R = 0. Since R is integrally dependent on A, def p/A = 0 by 
Lemma 2(d). Hence def P/A = 0, contradiction. 


4. Additional results on height. We now give an example tọ show 
that the conclusion of Theorem 1 is not true for an arbitrary domain R. 
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For suppose it were and suppose R had a single proper prime ideal p. Then 
every valuation ring of the quotient field-of À which contains À would have 
to be of rank 1. So if R were integrally closed, so that it was the inter- 
section of valuation rings S, then all of these would be of rank 1, hence R 
would be fully integrally closed (i.e, if ae K and if be R, b0, and 
bae R for all n, then ae £). So we need an integrally closed ring with a 
single proper prime ideal and which is not fully integrally closed. A simple 
example of such a ring has been given by Krull [6, p. 670]. 

The construction of this ring is as follows. Let F be a field, K = F(A, Y) 
a rational function field in two variables. Let # consist of all rational 
functions f(X, Y) such that f(0, Y) is finite and in F. The set of all feR 
such that f(0, F) = 0 is clearly a maximal ideal p containing all non-units, 
and R/ps: F. Moreover p is minimal—indeed every proper ideal A is 
primary for p. For let g(X,1°) be a nonzero element of .{ and write 
g(X, Y) = A'g, (X, Y), with g.(0,¥) 0; if f(X, Yyep, then F(X,Y) 
= \f,(A, 7) with f,(0,¥) finite, so f"#/g —Xf,""*/gi.e p C R, hence 
PeeRg CA. If f(X,¥)eK and is integrally dependent on R, then 
f(0, F) is finite; moreover f(0, Y) would be integrally dependent on F, 
hence in F, so f(X,Y)eRh. Thus R is integrally closed. But not fully, 
for  ¢ R, whereas XY” e R for all n. 

An explicit case of a P with def P/R < 0 is obtained by taking S to be 
the set of all f(X, Y) with f(0, Y) = 0, or else f(0, Y} finite and 540, and 
f(0,0) finite. This is the valuation ring for the rank 2 valuation of K 
„obtained by composing the valuation of F(X,Y) defined by the Y-axis 
with the valuation of F(Y) defined by the origin. If P is the maximal ideal 
of S, then S/P = F, so dt S/R —0; since h(P) = 2, h(p) —1, we have 
def P/R = — 1. 


THEOREM 8. Let R be Noetherian and let L be finitely generated 
over K. If def P/R = 0, then L is finitely generated over R. Furthermore, 
if m = h(P) and if 


(6) (0) sa Po KP << Paa 


ws any chain of length m ending in P, then the ascending chain condition 
holds for those ideals between Pi, and P; which are primary for Pi 
(i= 1,2,- m). 


Proof. Observe that h(p) is finite since R is Noetherian; also dt S/R 
= dt L/K. Hence def P/R is indeed defined. 
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Let ajc P, af Pia, t= 1,2,--°,m (cf. proof of Theorem 1). If 
n = dt S/R, let a'> +, ÿ be elements of $ algebraically independent over È. 
let y; be a representative of ÿ; in $. Since L is finitely generated over K, 
we may write L = K(2,-++,%r), 2,e8. Now place | 


$ * * * s be e x 8 
R == A] 4, ° . ‘3 Cmi Yi s Yn; 233 > Sr], 


p=POR,pi=PNE, È = R/p, KR’ — quotient field of À. Now R'is 
clearly finitely generated over R, hence likewise K’ over K, so it is enough 
to prove that £ is finitely generated over Æ’. In other words, it is enough 
to prove the theorem for § and R’. These two rings satisfy the hypotheses 
of our theorem: FR’ is surely Noetherian. From 0 = def P/E = def P/E 
+ def p’/R, we get def P/R == 0. S and À” both have L as quotient field 
since zye R’. Also dt S/R’ —0, since À D R[ÿ:,: e, Ua]. Hence (p) 
—h(P) =m. Finally, we have (0) = po < pi °° <L Pm = p, since 
TE Pa GE pir 

Writing R for R’, we are reduced to proving our theorem under the 
following additional hypotheses: dt S/R—0, dt §/B — 0, the contractions 
P; N R are distinct (the P; being as in (6)). We then have h(p) = h(P) =m, 
and (0) = Po < Pı <L: -` <L Pm = p, where p = PiN R. 

We prove the theorem under these additional hypotheses by inductions 
on m. For m—0, the theorem is trivial. Now assume the theorem has 
been proved for height m — 1. Let W and & be the quotient rings of R 
and $ with respect to p, and P, respectively. Since p, is a minimal prime 
ideal, À” has only one proper prime ideal, namely #’p,, hence R’ satisfies the 
restricted minimum condition [2, Theorem 1]. From [2, Theorem 3], it 
now follows that S’/S’P, is finite-dimensional over f’/R’p,, and that the 
ascending chain condition holds in 8’. The latter implies the conclusion 
of the theorem for the primary ideals belonging to P.. 

Passing to the rings S/P; and &/p;, we have the ideals P/P, and p/p, 
both clearly of height m — 1. The quotient fields of these rings are S’/S’P, 
and f’/R’p,. Furthermore (S/P;)/(P/P:) is algebraic over (R/p:1)/ (p/p), 
since these are isomorphic respectively to 8 and Ë. From all this, it follows 
that S/P,, R/p., and P/P., satisfy not only the hypotheses of our theorem, 
but also the additional hypotheses stated in the second preceding paragraph. 
By induction hypothesis, Z is finitely generated over K. For the same reason 
the ascending chain condition holds for the ideals between P;./P, and P;/P, 


6 The quoted theorem is proved under the assumption that 8 is integral over R. 
But a trifling modification in the proof suffices to cover the case where S is merely 
algebraic over Kè. | 


ps 
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which are primary for P,/P, (1=2,:--,m). This implies the desired 
result for the ideals between Pia and Pz - 
From the theorem we can derive a well known result on valuations. 


COROLLARY. Let K be an algebraic function field of n variables over a 
field F. If vis a valuation of K over F of rank m and dimension d, and tf 
- m -+ d= n, then v ts discrete and tts residue field is finitely generated over F. 


Proof. (Cf. Theorem 1, Cor. 1.) Take 8 to be the valuation ring of v, 
P its maximal ideal, R= F. § contains a unique chain of type (6) above. 
The theorem states that the quotient ring of S/P: with respect to P;/P;: 
is Noetherian, +=-1,2,---:,m. So each of the m rank 1 valuations of 
which v is composed is discrete, so v is discrete. 


5. Depth of prime ideals. We retain in this section, as throughout, 
the notation introduced in section 2. 

We shall obtain here Krull’s results on depth of prime ideals [8, Theorems 
13, 14, 16, 18] in somewhat stronger form, and with rather a simpler proof. 

Lemmas 5. Let R be any ring, K = RX]. If q is prime in R, then 
d(R’q) 2 d(q) +1. 

Proof. If m = d(q), then there exists a chain g = qo < Gi <*> <L Qm 
in À. Then a chain in R is given by 

h’g some Rg < hh’ qs RS Bam < Edm + KX, 

so that d(R’q) = m + 1, whence the lemma. 

THEOREM 4. Let D be a collection of integral domains satisfying con- 
ditions (a), (b), (c) of Theorem 1. Then, if ReD, 
(7) | d(P) S d(p) + dim P/R. 


If S is finitely generated over R, and if R is Noetherian, then the right side 
exceeds the left by at most unity. If, in addition, R is a Hilbert’ ring, 
then equality holds. 


Proof. Since the quantities involved in (7) are properties of the residue 
class rings S/P and R/p, we may assume without loss of generality that 
P = (0). So we must prove that 


(8) d(S-0) <d(R-0) + dt S/R. 


TA Hilbert ring is a ring in which every prime ideal is the intersection of maximal 
ideals [3]. Krull [8] uses the term Jacobson ring. , 
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Now if P, is prime in S, then by our main result on height (Theorem 1), 
A(P:) Sk(Pin E) + dt S/R <= d(R:0) + dt S/R. ? 


Since d(S : 0) is the least upper bound of all A(P,), (8) follows. It is easy 
to avoid explicit use of the theorem on heights; for this see the remarks 
at the end of the proof. 

Now let S be finitely generated over R and Æ be Noetherian (note that 
our reduction to the case P — (0) has not disturbed these conditions). Then 
we must show that d(S-0) = d(R:0) + dt S/R— 1. Let t = dt S/R, let 
Tı © *,% be a transcendence basis for S over R, let R’ == R[a,. - -, x]. 
By Lemma 5, d(R-0) = d(&-0) + (indeed, equality holds by virtue of 
the first part of the theorem); hence we must prove that 


(9) d(S-0) = d(R’-0) —1, 


this with the information that S is finitely generated and algebraic over K’. 
So let S == F’[y:,- + -, Ym]. Since y; is algebraic over W’, it is a zero of a 
certain polynomial in R’[X]; we may assume that each polynomial has the 
same leading coefficient a, and of course a +0. If M is the multiplicative 
system consisting of the non-negative powers of a, then each y; is integral 
over À’, hence Sy, which equals R’u[yi,- © °, Yml, is integral over Ky. 
If d is any integer Sd(R’-0), then we show that d(S-0) =d—l. 


Sir 
7O N 
S Ka 
NT 
R’ 
We have a chain 
(10) PR O0O<p LDL + + << pan < Pa. 


We claim that the chain may be selected so that afp, 1 = 1,2, +, d — 1. 
This is an old lemma of Krull, but we sketch a proof by induction on d. 
Namely let gu qa ©- be the minimal prime divisors of R’-a; they are 
minimal in Æ’, hence cannot contain po. So there exists an element b in pg, 
not in any of the qg; pa must contain a minimal prime divisor g of Æ°-b, 
q < po, af q. In À’/q, we have a chain (0) < p2/q <` `- < pa/g, and the 
residue class of a is not zero. Applying induction hypothesis here and 
mapping back to À”, we find our claim substantiated. 

Thus in (10), we assume af p, 1==1,: : :,d—1. By the elementary 
properties of quotient rings we have in Ry a chain 


(11) Ru 0 < Kup < Rupe Ke < Rupin 


À 
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Since Sar is integrally dependent on R’x, the “ going up ” theorem [1, Theorem 
3] gives us in Sy a chain Sy 0 < Ph €: e < Pan lying over the chain 
(11). Contracting to S, we get a chain 


(12) | JO Pree Pas 


and clearly P; N R =p, i=1,:-:,d—1. Hence d(S-0) =d—1. 

Now if R were originally a Hilbert ring, then it remains so after the 
preliminary passage to the case p== (0) [8, Theorem 2], and then R’ is like- 
wise a Hilbert ring [8, Theorem 3]. Since 8 is finitely generated over À, 
and Æ is Hilbert, every maximal ideal in S contracts to a maximal ideal in 
hk’ [8, Theorem 5]. It follows that in the prime ideal chain (12), Pa~ 
is not maximal, hence d(S-0) zd. If R’-0 has finite depth, we take 
d= d(R’-0) and have d(S-0) = d(R’-0) 2d(R-0) +t, as was to be 
shown. This completes the proof of Theorem 4. 

If the assumption that R is Hilbert is omitted, then proper inequality 
may well hold in (7), even though R is Noetherian [8, Theorem 4]. For 
there will exist in R[X] a maximal ideal P whose contraction to R is a non- 
maximal ideal p [8, Theorem 5]. Thus d(P) —0, d(p) > 0. 

As indicated above, the proof of mequality (7) can be carried tough 


_ without specific appeal to Theorem 1. First: 


Lemma 6. Let D be as in Theorem 4,R e D, R’=R[X]. If pı and pz 
are two prime ideals in R such that p, < p: and there are no intermediate 
prime ideals, then there are likewise none between R’p, and R'p2. 


Proof. Since R”/Æ’p, is a polynomial ring over R/p,, it is sufficient 
to prove the lemma in the case p, == (0). But then it follows from condition 


(c) on D. 


We now prove (7), first for the case that S is a polynomial ring over R 
in one variable and P — Sp; we may assume d(p) is finite. Then dim P/R = 1 
and we must show that d(P) Sd(p) +1. If d(p) — 0, then p is maximal, 
S/Sp is a polynomial ring over the field R/p, so d(Sp) —1. We then 
proceed by induction on d(p). Suppose that we have in # a chain 
Sp < P, < Pa <: <P,; we shall prove that += d(p) +1. By Lemma 8, 
Cor., Pa N & cannot equal p, so it contains some prime ideal p’ such that 
p < p’ and such that there is no prime ideal between p and p’. By Lemma 6, 
there is none between Sp and Sp’, so Sp’ AP, The chain Sp’ < P<- 7 


* The quoted theorem refers to polynomial rings, but the result is then obviously 
valid also for homomorphie images of such rings. 
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< P, shows that d(Sp’) = r — 1; and obviously d(p’) = d(p)— 1. But the 
induction hypothesis shows that d{Sp’) = d(’) + 1, whence r = d(p) + 1. 

Still continuing with the case S—R[X], suppose P > Sp. Then 
dim P/R —0, d(P) < d(8p) S d(p) +1, d(P) S d(p). 

Induction now takes care of the case where S is a polynomial ring over 
R in several variables, and residue class ring formation suffices to handle the 
case § finitely generated over R. 

To conclude the proof for the most general case, we once more reduce 
to the case P — (0). Let m be any positive integer = d(S -0) (which may 
be infinite). Then there exists a chain S-0—P,< Pi < Pa <<: ++ < Py. 
Let ae Pi, tig Pien t==1,:--,m (cf. proof of Theorem 1), and let 
Rh’ == R{r,: - -,zx,]. Since Æ is finitely generated over R, we have 
d(f’-0) Sd(k-0) +dth’/R. But clearly m= d(R’-0), hence 


m = d(R:0) = dt S/R 
for all m = d(S-0). Thus (7) is proved for &- 0. 
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ON THE STRUCTURE OF A CERTAIN CLASS OF 
KAEHLER VARIETIES.* ? 


By JUN-ICHI Iausa. 


It is a classical theorem that simply connected Riemann surfaces can be 
divided into three types. In the case of several complex variables the circum- 
stance is not so simple, but there is a generalization in the following sense. 
Let V” be a compact complex variety carrying a Kählerian metric with constant 
curvature; then its universal covering variety V* has only three complex 
structures. In fact V* is the complex projective space 8*, the interior of a 
unit sphere K” or the complex vector space O” according as the curvature is 
positive, negative or zero. They are known respectively as elliptic, hyperbolic 
or parabolic cases. We conclude that V” itself coincides with S* in the elliptie 
case, which gives a characterization of the complex projective space in terms 
of global differential geometry. Moreover in the hyperbolic case V” can be 
considered as a non-singular projective model. Finally in the parabolic case 
V” has a finite covering variety of complex torus 7 such that the types of 
extensions are finite for each n. We note also that V~” are minimal models 
in the hyperbolic and parabolic cases. The “minimality ” seems to be closely 
connected with the “ uniformizability ” of compact complex varieties. Finally 
we shall give an example of parabolic variety with the first irregularity equal 
to zero, which can only happen for n = 3. 


1. Local consideration. Let gop.(2,%) (lio, B&n) be n? power 
series in 2n variables Za, % (1<a B<n) forming a positive definite 
Hermitian matrix in some neighborhood of the origin. In this case we can 
take ds — 2 - 2 Jage(z, Z) (dz*dz®) as a metric ground form in local Her- 


mitian geometry. We shall assume thereby that this metric is without 
torsion, or, in an apparently stronger form ([7], pp. 175-176), that gags (2, Z) 
can be derived from a local potential U (z, Z) in the form 


Jape (2,2) = PU (2, 2) /dardz (ASau BSN). 


* Received May 25, 1953; revised February 11, 1954. 
* This work was partially supported by a research project .at Harvard University, 
sponsored by the Office of Ordnance Research, U. S. Army. 
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We say that the metric has a constant curvature when Riemann’s curvature 
tensor in our geometry satisfies the relation 


Rapeyss + le (GageGyse + GypJas+) — 0 (l=, B,y,8 Sn) 


with some constant k. This definition is a natural counterpart of the real 
ease (cf. [2], Theorem 5) and the following theorem is proved by Bochner 
({2], Theorem 6). 


Lemma 1. There exists an analytic coordinate transformation after 
which the local potential has the normal form 


(UD log (1 +b Eux) (E0) 
re Sie | (k = 0). 


The metric is called elliptic, hyperbolic or parabolic according as k is 
positive, negative or zero. If we multiply the absolute value of & to our 
metric, we may assume that k is + 1 in the case k40. We shall endow 
elliptic, hyperbolic and parabolic metrics to 8”, K” and O” globally and we 
call them normal domains. The normal domain D admits a well-known 
group G of analytic isometries, which is in any case a transitwe Lie group 
of n° + 2n real parameters. Thus D is a homogeneous space with the * struc- 
ture group” G and with the unitary group U(n) as its “isotropy group.” 
Our later consideration is based on the following remark. 


Lemma 2. Let Q, and Qa be two points in the normal domain D and 
let o be an analytic local isometry sending Qı to Qa, then o can be extended 
uniquely to some global isometry of D belonging to G. 


Proof. Since G is transitive on D, we have only to prove the following 
assertion. Let fa(z) (1s: a2 n) be n analytic functions defining an iso- 
metry between some neighborhoods of the origin, then it holds f(z) == X, degg 

B 


(1=a=n) with (as) in U(n). In fact let $, be a sufficiently small 
geodesic sphere about the origin, then the image >* of S is also a geodesic 
sphere with the same radius about the origin. However > and X," are 
ordinary spheres, hence our lemma follows from a result of Bochner ([8], 
pp. 58-59). 


We conclude from this lemma that G is the full group of analytic iso- 
metries of D. Moreover since D admits only one invariant metric with respect 
to G, the hyperbolic metric is also Bergmann’s metric (cf. [8], pp. 121-122). 
Hence G is the full group of analytic homeomorphisms of D in this case. 
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2, Global consideration. Let V” be an n-dimensional complex variety 
which is simply connected. A global Hermitian metric on V is called a 
Kéhlerian metric when it is everywhere without torsion. We shall assume 
that V has a Kählerian metric with constant curvature, then we can prove 
_ the following i 


Lemma 3. There exists a single-valued analytic isometry % from V 
into the normal domain D. | 


Proof. Let P, be any but fixed point of V and let yo be a “germ” of 
an analytic isometry from Ÿ into D sending P, to the origin of D. The 
existence of y, is assured by Lemma 1. We then take an arbitrary pomt P, 
of V and connect it to Py by a continuous path P, (OS 4&1). In the 
following we shall show that there exists one and only one family y 
(O&S tS 1) of germs of analytic isometries from V into D sending P; to 
¥:(P:), which is “coherent” in the sense that y, induces y+: when Py is 
near enough to P;. Since the uniqueness is evident, we shall prove the 
existence and that we have only to prove the following assertion. Let y 
(0=t< 1) be a family of coherent isometries which is open on the right 
- side, then we can complete it by yı. 

Let be an analytic isometry of some neighborhood U of P, into D 
sending P, to the origin of D. Let P, be a point of the path which is near 
enough to P, such that P; for s = t = 1 are all contained in U. Also let W 
be a neighborhood of P., which is contained in U, such that y, maps it into D. 
In this case y, ° #1 gives an analytic isometry from ¢(W) to #.(W), which 
can be extended uniquely to a global isometry o of D by Lemma 2. It is a 
simple matter to see that the germ y, determined by o°¢ at P, satisfies our 
demand. 

Now we define a mapping ¥ from Ÿ into D by Y(P;) —w:(P:). Since 
#1(P:) is independent on the homotopy of paths from P, to P, and since V 
is assumed to be simply connected, % is single-valued completing the proof. 

We note that the changes of P, and yo in the definition of Y amount 
to replace it by ooy, where o is an operation of the group G; hence the 
mapping Ÿ is essentially unique. 

Now we shall assume that (V",f) is the universal covering variety of 
a compact Kahler variety V” with constant curvature. It is clear that the 
projection f induces a similar metric on V. Therefore we can find a single- 
valued analytic isometry & from V into the normal domain D according to 
Lemma 3. However in the present case the following holds. 
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Turorum 1. The mapping Y gives a homeomorphic analytic isometry 
of V onto D? 


Proof. We shall show that we can define a single-valued analytic iso- 
metry &* from D into V such that Govt — y* o Y — 1. Let yo be the 
inverse of W, in the proof of Lemma 3; let Q, be an arbitrary point of D : 
and connect it to the origin of D by a differentiable path Q: (0S t S1). 
If y*, (0¢t< 1) is a family of germs of coherent isometries from D into 
V sending Q: to Pa we can complete it by y*,. In fact since the path f(P:) 
on V has a finite length and since V is compact, lim f(P:) exists and is a 

1 


point of V. Therefore lim P; = P, also exists and is a point of V.: It is 
tt 


clear that P; (011) is a continuous path on Ÿ and we have only to 
take the inverse of y, as y*,. Since D is simply connected, it follows from 
this argument that we can define a single-valued analytic isometry &* from 
D into V, which “extends” ÿ*o The relation yo 0 do == do 0 Wo==1 is 
clearly preserved by this extension. 


It is essential in this theorem that V is the universal covering variety 
of a compact variety. 


8. Structures. A compact Kahler variety V” with constant curvature 
will be called elliptic, hyperbolic or parabolic in an obvious manner. Our 
Theorem 1 asserts that the universal covering variety V” is then S”, K” or 
C” respectively. Moreover the Poincaré group T of V is represented as a sub- 
group of G, which is “ discontinuous ” and has no fix-point in D. Therefore 


THEOREM 2. The elliptic variety V” is the complex projective space 8". 


Proof. This follows at once from the fact that every projective trans- 
formation in 8S" has n + 1 fix-points. 


The following lemma will simplify some discussions in the proof of 
Theorem 3. 


LEMMA. Let M” be a compact differentiable manifold and let f, 
(p = 1,2,; : :) be a family of differentiable mappings from M into another 
differentiable manifolds Np with the following two properties: a) The family 
of point sets Xp in M such that fp is not “ regular” at x in Xp (the Jacobian 


* The author was notified of Hawley’s paper on the same subject (“ Constant holo- 
morphic curvature,” Canadian Journal of Mathematics, vol. 5 (1958), pp. 53-56) by 
Professor Sasaki in Princeton. 
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matrix of fp at z has rank < n) 1s decreasing from a certain p onward and 
has an empty intersection. b) The family of point sets A, in M X M such 
that fp(v) = fp(y) is decreasing from a certain p onward and has A as tts 
intersection. In this case fp gives an analytic homeomorphism from M into 
N, from a certain p onward. 


Proof. Since M is compact and since X, are closed, a) implies that XY, 
is empty from a certain p onward. However A,—A is closed, when #, is 
empty. Since M X M is compact, b) implies therefore that A, = A from a 
certain p onward. 


THrorem 3. In the hyperbolic case we can define an analytic homeo- 
morphism F from V” onto a non-singular variety in a complex projective 
. space by a set of automorphic forms of the same weight in D with respect toT. 


Proof. (cf. [9], chap. 10). Let jo(z) be the Jacobian of the isometry 
a of D at z, then the series $ | jo(z)|" (m = 2) is uniformly convergent on 
oel 


every compact set in D. Moreover since the factor space D/T = V is compact, 

the set F of points z in D such that | jo(z)| 1 for all o in F is also compact 

and clearly generates D. Let ro be the number of o in T such that F” inter- 

sects with F; take r= re — 1 and put N—=C,"*—1, then the set of 

“ Poincaré series ” ®,,(2, D) == 2 (02) :jo(2)" (m = 2) defines an analytic 
FE 


mapping ©, from D/T into the projective space SY when (z) varies in the 
space of polynomials of degree not greater than r. Thereby if z, 2, and 2, 
are given points of F such that z, and 22 are inequivalent under T, then ®, 
is regular at z and &,,(2,) =<®,(2) from a certain m onward. Hence we 
can apply the previous lemma to fp = D, X $a X`- X p and we conclude 
that fp gives an analytic homeomorphism from D/T into p-ply projective 
space SN X SY X- - -X SN from a certain p onward. Therefore if we denote 
by F the composition of one of such mappings and the well-known imbedding 
of multiply projective space into an ordinary projective space, the image 
F(V) of V is an everywhere algebroid variety without multiple point. 

Now we can apply a result of Chow ([5], Theorem 5) to F(V), which 
is thus an algebraic variety. This idea is general and could be applied to a 
simplification of the theory of automorphic functions. 

We shall now consider the parabolic case. The following theorem shows 
that a complex torus is “ universal” in a certain sense. 


THEOREM 4. When V» is of parabolic type, there exists a uniquely 
determined finite “ normal” covering variety T” of V" which is a complex 
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torus. Moreover this extension has only a finite number of possibilities 
depending on n. 


Proof. As we have remarked before V” is a factor space of ©” by a 
discontinuous group T of “motions” in C”. Thereby since V is compact, T 
is “indecomposable.” Therefore by a result of Frobenius ([6], p. 663) 
translations in T form a normal subgroup T of finite index with 27 indepen- 
dent generators. Moreover the extension T of T does not depend on the choice 
of the coordinates in C* and is divided into a finite number of classes 
depending on n. We have now to put T” = 0"/T, ` 


It follows from the above proof that the totality of parabolic varieties 
V”? forms a finite number of “analytic families” in a natural way such that 
two members in the same family have the same real analytic structure. In 
particular those which are algebraic form a finite number of analytic sub- 
families. This is a consequence of the “theorem of Riemann-Weierstrass ” 
and of the following general 


THEOREM 5. Let V” and V be complex varieties such that one of them 
is a finite covering variety of the other, then they are or they are not 
analytically homeomorphie to non-singular projective models at the same time. 


Proof. It follows from a general theorem of Kodaira ([8], Theorem 3) 
that a finite covering variety of a non-singular projective model is a non- 
singular projective model. ‘Therefore we have only to prove the converse. 
Let V be a non-singular subvariety of a projective space SN, which is at the 
same time a finite covering variety of V with projection f. Let P be a point 
of V and let F(P) be the “ Chow point” of the 0-cycle f+ (P) in SN which 
is carried by V, then we see readily that F is homeomorphic, analytic and 
regular. 


4, Minimality. In this section we shall show that hyperbolic and 
parabolic varieties are “minimal” in a certain sense. We first put a general 
definition. (This definition is given essentially by Weil in his book on 
Abelian variety [Hermann, 1948] on page 27.) 


DEFINITION. Let V” be a projective model and F a meromorphic mapping 
from a complex variety U™ inte V", which can be defined invariantly using 
local coordinates on U and affine representatives of V. If every such F is 
necessarily analytic for any U, we say that V is a minimal modei. 
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We shall now prove the following remarkable 


THEOREM 6. Any hyperbolic variety is a minimal model. If a para- 
bolic variety is a non-singular projective model, tt is also a minimal model. 


Proof. Let F be a meromorphic mapping from U™ into a variety V” 
which is stated in the theorem, then # is analytic. In order to prove this 
assertion we may assume that U™ is a connected neighborhood of the origin 
of O”. Since V” is imbedded in a projective space, the “ fundamental locus ” 
W of F have dimension at most equal to m-—~2; hence its residual space 
U —W is simply connected. Let z be a point of U — W and let P* be a 
point of the universal covering variety (D,f) of V” lying over F(z), then 
the germ of analytic mapping z—> P* can be extended as a single-valued 
analytic mapping F* from U—W into D. Thereby the simply connected- 
ness of U — W is essential. Now any component F*, of F* is a bounded 
holomorphic function on U — W for @==1,2,:--,n. Therefore by a well- 
known theorem of Hartogs (cf. [3], Theorem 5, pp. 173-174) F*, must be 
holomorphic throughout U for «—1,2,---,n. 


As a consequence of this theorem we shall prove a complete generalization 
of the theorem of Schwarz-Klein. 


THEOREM 7. Let K be the field of meromorphic (hence algebraic) 
functions on a hyperbolic variety V"; then the group of automorphisms of K 
over C is finite. 


Proof. We know that every such an automorphism can be represented 
as a birational correspondence between V and itself. However since V is a 
minimal model, the birational correspondence is necessarily everywhere bi- 
regular; hence it is induced by some analytic homeomorphism of D. How- 
ever by a remark at the end of section 1 such operations form a subgroup 
of G, which is discrete by a result of Bochner ([1], Theorem 5). On the 
other hand every discrete subgroup of G is discontinuous on D (ef. [9], 49) ; 
hence our assertion. 


5. Further results. Let gp (1S p& n) be the p-th irregularity of a 
compact complex variety VY", which is the number of linearly independent 
p-ple differentials of the first kind; we put also go —1. In analogy with 


the Euler-Poincaré characteristic x(V”), we call ya(V") = > (—1)?g, the 
analytic characteristic of V”. pos 
Now we consider a hyperbolic variety V”. If we denote by dv the 
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invariant measure in its normal domain D which coincides with the Euclidean 
“volume element” at the origin of D, the total measure v(V*) of V” has 
an intrinsic meaning and we have the following 


THEOREM 8. ft holds that 
XV?) = (m-+ 1) xa( Y") = (— 1)"*((m + 1) Va) 0(V*). 


Proof. If we remember Chern’s generalization of Gauss-Bonnet’s formula 
({4], pp. 114-115) which is valid in general and the so-called “ Todd’s 
formula” which was proved recently by Hirzebruch for non-singular pro- 
jective models, we have only to verify this identity (except for (—1)”) in 
the case of the projective space 8". 

We next consider a parabolic variety V” and we shall prove the following 


THEOREM 9. There exists a uniquely determined series of compact com- 
plex varieties V == Vo, V3,-- +, Ve = W such that V; is a fibre space over 
its “Albanese variety” T, (complex torus attached to the period matrix of 
simple differentials of the first kind on V;) with fibre Vin for i=—=0,1,:--,s 
The final variety W ts o parabolic variety with the first irregularity equal to 
Zero. 


Proof. We can write T in the form z* — Az -+ a and consider A as a 
representation of F in U(n) with kernel T. The factor group G = T/T is 
finite and gives the group of “ covering transformations ” of T == ("/T over 
V. It is clear that the projection from T onto V induces a natural isomor- 
phism between the module of differentials of the first kind on V and the 
module of invariant differentials with constant coefficients in dze (lS an) 
under the operation of G. In particular g, is nothing but the number of 
principal characters in A. Therefore by a suitable coordinate transformation 
in C”, the operation of T can be represented in the form 


ies 0 & 
0 À, «& (I, = unit matrix) 


fi: os 


and it is easy to see that the vectors a, form a discrete group of rank 2g, in 


A, a 
C% which determines « torus Tẹ. If we consider the partial matrix { a : } 


corresponding to ay + = 0, we can repeat the same reasoning. 
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The following corollary shows that the “arithmetic genus” of a para- 
bolic variety V” is equal to (—1)"*. >» A 


COROLLARY. It holds -that x(V*) = xa( V”) = 


In fact we conclude from the above proof that 


È gat"? — (1/(G)) E det (tle + A) 


with an indeterminate t, where (G) is the order of G. However since every 
transformation in I has no fix-point, we have det(A—J,) —0; whence 
D 9n(—1)"? = 0. 

On the other hand it would be favorable, if a variety W hi in 
Theorem 9 does not exist actually. However the circumstance is not so 
simple. 


EXAMPLE. Let M be a discrete additive group of rank 2 in C; let 
Ta Ye (1S %38) be six complex numbers satisfying the following con- 
ditions: Tı, Yz, ts — yg S20 (mod M), 22, 242, 2(ts — ys) == 0 (mod M); put 
oi 2 = zy + ns Bg = — Za F Ta, 2% 3 == — 23 1 da and oz: 2%) = — 2, + Ya, 
za = Lo À Yo, a — 23 + Ya Let T be a group of translations of the form 
Ti 2%, = ta + Ma (Mat M) (1Æ=a<3), which generates a discontinuous 
group T of motions in ©? with o, and c, It can be readily verified that 
every member of T has no fix-point in C°? and that the factor group T/T is 
the Klein’s four group. Since the factor space T? =— C?/T is a product of 
three elliptic curves corresponding to M, the factor space V* = C°/T is 
also a non-singular projective model by Theorem 5 which is covered four 

times by 7°. Moreover the Poincaré polynomial of V* is given by 
1+ Be + 8E 4 Bet + t. 

However in the case of curves and surfaces, we have g, = 1 by the above 
corollary. The case of n == 1 is trivial and gives an elliptic curve. The case 
of n — 2 is either a complex torus or is a fibre space over an elliptic curve 
with another elliptic curve as its fibre by Theorem 9. In the latter case they 
are necessarily non-singular projective models and known as “ hyperelliptic 
surfaces.” 
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LOWER SEMI-CONTINUITY AND AREA FUNCTIONALS, II. 
THE BANACH AREA. : 


By CASPER GOFFMAN. 


1. Introduction. In part I of this series [1], we showed that the 
Lebesgue area for continuous non-parametric surfaces has a natural extension 
to a lower semi-continuous functional on the space of summable functions 
suitably metrized. Specifically, if 


aa) = f S | p(z,¥) — ale y] de dy 


is taken as the distance between polyhedral functions p(s, y) and g(s, y), the 
extension of elementary area to the space of equivalence classes of summable 
functions, obtained by the Fréchet process [2], is a lower semi-continuous 
functional. It agrees with the Lebesgue area for continuous surfaces and, 
in general, retains the character of the Lebesgue area. 

The present paper is an attempt to obtain similar results for the para- 
metric case. We are concerned with the following existence problem: 

Is there a distance function d(p,q) for the parametric polyhedral 
mappings such that 


(a) elementary area is lower semi-continuous on the space P defined 
by d(p, q), 


(b) the completion P’ of P contains a reasonably wide class of dis- 
continuous mappings along with all the continuous ones? 


We find that the analogue of the metric used in the non-parametric case 
is unsatisfactory in the parametric case since the elementary area KH (p) is 
not lower semi-continuous. Nevertheless, we find a distance function for 
which P” contains all Baire mappings (i.e. mappings f:æ(u, v), += 1, 2, 3 
for which z;(u, v) are Baire functions) whose images on the coordinate planes 
have finite planar measure. We remark that the extended funetional obtained 
here is related to the Banach definition of area rather than to the Lebesgue 
definition. 
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2. Natural metrics for which E(p) is not lower semi-continuous. 
The analogue of the above mettic for parametric polyhedral mappings 
p: pilu, v) and g:q(u,v), i= 1, 2,3 is the funçtion 


ei 


d(p, q) = f J> | pi(t, v) — Hi (u, v) | du dv. 


This metric cannot be used as a basis for a theory of surface area since the 
elementary area Æ (p) is not lower semi-continuous on the resulting space.? 
Indeed, consider the mapping p: pı (u, v) = u, pa(u, v) = v, ps (u, v) = 0 on 
the unit square J. Subdivide J, for every positive integer n, into a grill 
of squares Ini, Zur, © <, lux, all of whose diagonals are of length 1/2". 
Place in each of these squares, I,,, a pair of squares Jay and Kag, concentric 
with I, such that the sum of the areas of the Jpn is 1-1/2" and the sum of 
the areas of the K, is 1/2”. Now, let K, be a simply connected polygonal 
region in Z which contains all the Kax in its Interior and whose area is less 
than 1/n. There is a homeomorphism f,:fu(u, v), t= 1, 2, 3, between I and 
K, which takes each J,, into Ky, There is then a polyhedral mapping 
q: Gui (u,v), += 1, 2, 8, such that | pi(u, V) — qu (u, v)| < 1/2" for each i on 
a set of measure greater than 1 — 1/2”, and such that #(qn) < 1/2". Now, 


1 1 3 
lim f f > | p(u, v) — gm (u, v) | du dv = 0. 
9 0 ¿sl 


But, lim Æ (qa) == 0 and E(p) = 1, so that the elementary area is not lower 


semi-continuous. 
It was also noted in [1] that if the distance between continuous non- 
parametric surfaces is taken as 


where Æ is the set for which f(z, y) =< g(x, y), then the Lebesgue area is 
lower semi-continuous and the Fréchet process leads to a lower semi-continuous 
extension to the set of all measurable functions. We now show that the 
elementary area also fails to be lower semi-continuous for the parametric 
analogue of this metric. Indeed, let ¢(#) be the Cantor function on [0,1] 
and let f be given by 


Tı (U, V) = U, Ta (U, V) = 2, Ta (u, v) = pu). 
It is clear that the Lebesgue area L(f) of f exceeds 1. Moreover, it is easily 


? E. Silverman has shown recently [3] that the Lebesgue area is lower semi-con- 
tinuous with respect to point wise convergence. 
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seen that, for every e > 0, there is a continuous fe such that 8(f, fe) < e and 
Life) <1. This shows that the functional L(f) is not lower semi-continuous 
‘on the given space. We remark, however, that the elementary area is lower 
semi-continuous on the set of parametric mappings of class © with 8(f, g) 
as metric. This leads to an area functional defined on a wide class of 
mappings which does not agree with the Lebesgue area for certain continuous 
mappings. We shall discuss this case elsewhere. 


3. The space P. We now introduce a distance function for the poly- 
hedral mappings for which the elementary area E(p) is lower semi-continuous. 
For convenience, we shall work first with transformations T: x(u, v), y(u, v) 
of the unit square J = [0,1] X [0,1] into the (a, y)-plane and shall speak of 
mappings (triples of transformations) later. Our distance function is defined 
in terms of a special sequence of subdivisions of J. For every n, let 


R”, iFa eae, R gent 


be the set of squares in J, whose sides are of length 1/2", obtained by means 
of the lines u,v == 0,1/2",- + + ,1— 1/2", 1, where each bounding edge is 
assigned to one of the two squares which it bounds in such a way that each 
Rj is contained in an Ry”. | 

Now, let P and Q be polyhedral transformations of I into the (2, y)- 
plane; i.e, J may be decomposed into a finite set of triangles such that P 
is continuous on J and is linear on each triangle of the decomposition, and 
similarly for Q. Using TR as notation for the image set of a set À under 
a transformation T, and R«S as notation for the symmetric difference 
RUS—RNS of sets R and S, we write m” (P, Q) = m (PR? + QR”) for 
the planar measure of PR?” + QR”. 

We shall say that a sequence {P,} of polyhedral transformations con- 
verges to a polyhedral transformation P if for every 1-1, 2,-- -, 2°"; 
m==1,2," °°, we have lim m”(P, Pa) —0. The neighborhoods U of P 


> 00 
which correspond to this notion of convergence are given by finite sequences 


(Mit), (Ma, t2),° © +, (Mrs tx) 3 € €, ` * , & Where the es are positive, and 
QeU if pa," (P,Q) < for every j = 1,2,---,h. It then follows that 
the space P obtained in this way is such that 


THEOREM 1. P is a uniform space which satisfies the Hausdorff first 
denumerability condition and so it is metrizable. 


It is convenient to work with an equivalent distance function d(P, Q) 
instead of the given convergence notion. For every n,'we let 
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N - 
da (P,Q) = z m” (P, Q) where N == 2", 


The function d,(P,Q) is monotonically non-decreasing in n. We let 
d(P,Q) = 1/2" where n is the smallest integer for which da(P, Q) = 1/2". 


Lemma 1. A sequence {Pa} converges to P in P if and only if 


lim d (P, Pa) = 0. 


n> © 


Proof. Suppose {P,} converges to P in P. For every n, there is an N 
such that, for every m > N, and i = 1, 2,- , 27", we have m”(P, Pm < (4)*", 
so that da(P, Pm) < 1/2", whereby d(P, Pm) < 1/2". 

Conversely, suppose {Pa} does not converge to P in P. There is then 
an + and m with lim sup wm” (P, Pa) > 1/2¥ > 0. Moreover, we may choose 

n> w 
k`>m. Then, for every N, there is an n > N with dm(P, Ph = m” (P, Pa) 
> 1/2*. Since k > m, we have di(P, Pn) È dm(P, Pn) > 1/24, so that 
d(P, Pa) 1/2". 

We mention, in passing, that d(P,Q) is not a metric but satisfies 
(i) d(P,Q) >0 if PQ, (ii) d(P,P)—0, (iii) d(P,Q) =4(Q,P), 
and (iv) d(P,Q) + 4(Q,R) = 44(P, R). 

The elementary area F(p) of a polyhedral transformation P has its 
usual meaning [4]. 


CS 


THEOREM 2. The functional L(p) is lower semi-continuous on the 
space P. 


Proof. en that for every polyhedral P and positive integer n we 
have E(P) = $ m (PR #*) where N = 27", but that for vay e > 0 there 
is an ae nN with 1/2” < ¢/2, for which E(P) < © m (PR 2) 4-6/2. 
Suppose d(P, Q) < 1/2" where n—n(P,e). Then d,(P, 9) < 1/2", so that 


N N N 
E(Q) = È m(QRe) = È m (PR) — Z u” (P, Q) 


— 3 m(PRe) — d(P,Q) > Sm (PR) —¢/2 > E(P) —e. 


This proves the lower semi-continuity. 


It is also clear that for every P there is a sequence {Pa}, Pa 54 P, such 
that lim d(P, Pa) — 0 and E(P) = lim #(P,). Thus, by the Fréchet pro- 


N 
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cess, E(P) has a lower semi-continuous extension to the completion P” of 
the space P. : 

We also wish to remark that E(P) is not continuous on P; examples 
of this fact are easy to construct and we shall omit them. In this connection 
we make the conjecture that there is no metric for the polyhedral mappings 
for which #(P) is continuous for which the completed space contains all 
continuous mappings. 


4, Measurable point and set transformations. The completion P” of 
P involves the following sort of set functions with the rectangles R”, 
i= 1,2, + +,27"; m==1,2,- >> as domain. Associated with every R” 
there is a measurable set S =f (R) in the (a, y)-plane such that 


t Ff 
Si = |] Si,""*, where the Ra”, j = 1,: < -,4, are the four squares whose 
j=1 


union is 2". The set function f(R:”) has an associated point function (x, y) 

defined as follows: For each n, let n(x, y) be the number of squares R#, 

i—= 1,28," : :,2%, for which (x,y) ef(Rt), and let (z, y) = lim ¢,(4, y) 
n-> 0 


or œ, as the case may be. The function ¢(2,y¥) is measurable. For, the 
set of points for which ¢,(2, y) = k, for every n and 0 S k & n, is expres- 
sible as a finite number of unions and intersections of the sets f(R:”), 
t = 1,2," : -, 2n, and so it is measurable. In the context, when we refer 
to set functions we shall always mean those of the above type. 

By the Banach area of a set function f we mean the number 


Bi) = f f sydney, 


where the integration is over the whole (v, y)-plane. We shall show, in the 
next section, that the completion P” of P is just the set of all set functions f 
for which the associated (v, y) is different from 0 on a set of finite measure. 

We shall call a point transformation T measurable if for every Borel 
set S, the image TS is measurable. Every measurable point transformation 
has an associated set transformation f defined by f(#;") = TR," which evi- 
dently satisfies the above condition. The Banach area B(T) is defined as 
B(f) where f is the set function which corresponds to T. On the other hand, 
there are set functions 8; == f (R) which cannot be obtained from point 
transformations [5] in the above way. 


N 
For every n, let B,(f) = X, m(S;"). We have the following fact, essen- 
i=l 
tially proved by Banach [6]. 
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THEOREM 3. B(f) — lim B,(f). 


Proof. B,(f) = ff dn(@, y) dx dy and {¢n(2, y)} is a monotonically 
non-decreasing sequence converging to (e, y). 


5. The space P’. We show now that the completion P” of P consists 
of the set F of all set functions f for which the set f (Z) has finite measure, 
and that the lower semi-continuous extension of E(P) to P’ agrees with 
B(f) on #. 

We first note that the definition of distance d(f,g) given in section 3 
for polyhedral transformations can be carried over without change to the 
set F; we shall henceforth designate this space by F. 


(a) F is complete. For, let {fa} be a fundamental sequence in FẸ. 
For each Æ;*, consider the sequence {fm(#,;")} of measurable sets. This 
sequence is fundamental in the sense that for every « > 0 there is an Ñ 
such that m, k >N implies m(f,( Bi") *fm(R”)) Le There is a sub- 
sequence {f} such that m/(fi,,,( 2) * fu (Ri) < 1/25, for every 7. -Let 
Sf = U al fi, (Rs) and define the functions 85" == f(R;"). It is a routine 


matter to check that f is a set function and that lim d(f, fn) = 0. 
(b) Pis dense in F. Let fe be given by S” =f (R). For any an, 


there are polygons Q, 31, --,2%% such that m(QP = S87) < RG, 
There is a polyhedral P such'that P(R,”) + Que < 2-@™™) for every 7, so that 


N 
-dn(P, Q) = 2m (P (Ri) t f (Ra) ) 
= > m(P(B") * Qe) + > m(Qe # Si") < 1/2", 


where N = 2?" and d(P,f) < 1/2”, so that P is dense in F. Steps (a) 
and (b) furnish the proof of 


THEOREM 4. F is the completion of P, so that F = P”. 


The proof that B(f) is the Fréchet extension of E(P} to P’ will also 
be given in two steps. 


(a) B(f) is lower semi-continuous on P’. Suppose B(f) Low. There 
is an n such that B,(f) > B(f) — (4) Now, if d(g,f) < (4)*, then 
da (g, f) < (4)™, so that B(g) = Bu(g) > Ba(f) — (4)"* > B(f) — 1/2". 
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If B(f) =æ, then for every M there is an n such that B,(f) > M + 1, so 
that if d(g,f) < (4)"" then again B(g)-= Ba(g) > B,(f) —1 > M. 


(b) For every fe P’sthere is a sequence {Pa} of polyhedral trans- 
ormations such that lim d(f, Pa) —0 and lim E(Pa) —B(f). To prove 
l (f, p 


this we simply observe that the polyhedral P in (b) above may be taken so 
that E(P) < Ba (f) — 1/2”. Writing P, for this P we have lim d(P,, f) == 0 
and lim #(P,) = lim Ba (f) = B (f), by Theorem 3. But lim E(P,) = B(f) 


n> w0 


by the lower semi-continuity of B (f). 


Now, the content of the Fréchet process is that there is a unique 
extension of a lower semi-continuous functional on a metric space to its 
completion with properties (a) and (b). We have thus proved 


THEOREM 5. The unique extension to P’ of E(P) on P given by the 
Fréchet process is the Banach area B (f). 


We conclude this section with a remark on an analogue of the Fréchet 
equivalence relation [7] for the case under consideration. The discussion 
will be restricted to the subspace FJ C P’ of point transformations since if f 
is a set function and r is a one-one transformation between J and itself, even 
polyhedral, then fr may be meaningless. We shall say that T, is equivalent 
to T if, for every e > 0 there are one-one transformations 7, and rs between 
I and itself such that d(71, Tore) < e and d(Tiri, Ta) <«. It is evident 
that this is an equivalence relation. Writing ¢(2,y¥;7) for the multiplicity 
function of the transformation T, we prove that T, is equivalent to T, if and 
only if (x, y; T1) = (2, y; T1) almost everywhere; in other words, surfaces 
may be identified with multiplicity functions. 


Lemma 2. If limd(T,T,) —0 then lim inf p(x,y; Th) = (z, y; T) 
almost everywhere. | " 
Proof. We need only observe that for every m, lim inf (x, y; Tn) 


= ġm(£, y; T) almost everywhere. This holds since for every e > 0 there 
is an N such that n> N implies m(T,,(R) * T(R”) < ¢/2?™ for every 
1—=1,2,: ++, 2°”, and a standard real variable argument supplies the proof. 


COROLLARY 1. If T, is equivalent to T, then (x, f; T1) = (a, y; Ta) 
almost everywhere. 


Proof. For every r, it is evident that (x, y; Tir) = px, y; T1). Let on 


14 
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be such that lim d(Tirs, T2) = 0. Then lim inf (2, y; Tira) Z (x, y; Ta) 
Ti 00 Ai 00 


so that $(2, y; T,) = (x, y; Te), almost everywhere. Similarly $(2, y; Ta) 
= ġ(x, y; Tı) almost everywhere. e 


The converse also holds. 


Lemma 3. If (x, y; T1) = (x, y; T2) almost everywhere then T, 18 
equivalent to Ta. 


Proof. We need only show that for every e > 0 there is a + such that 
d(Tr, Te) < e. Let 1/2" < €, and consider the sets T2(R,"), t= 1, 2,:--, 2°". 
Since (s, y; T1) =—¢(2,y4;T7-), there are sets Sj, += 1,2,---,27", such 
that 7,(S;) — T,(R;) for every i. Now, let r be a one-one transformation 
which takes each Ri” onto Si. Then Tir (R) = T1(8:) = T.( 2") for every i 
so that d(Tir, To) < e€. 


Remark. In the above proof, if 8; should be of cardinality less than c 
the necessary adjustment may be made by adjoining to it a set of cardinality 
c whose image under T, has measure 0. 


THEOREM 6. Two transformations T, and T, are equivalent if and 
only if they have the same multiplicity function. 


6. Mappings in 3-space. Most of the above results on mappings in 
2-space go over with little change to mappings in 3-space. Thus, the com- 
pletion P’ of the space P of polyhedral mappings p: p;(u,v), += 1, 2, 3, 
contains all mappings v: x(u, v), t= 1, 2, 3, for which the z;(u, v) are Baire 
functions, and the Banach area B(x) is lower semi-continuous on R’. How- 
ever, we do not know whether B(f) always agrees with the Fréchet extension 
(x) of H(p) to P. We know only that B(x) = (x) always, and that 
B(x) == @(v) if (s) is infinite. We proceed with the details. 

A polyhedral mapping p: pilu, v), t = 1,2, 3, into (a, Tə, v3)-space has 
three associated polyhedral transformations P,(u,v), t1==.1,2,3, some of 
which may be degenerate, where P;(u,v) is the pair (pis (u,v), pus(u,v)) 
and all integers are taken module 3. Let ® be the space of all polyhedral 


3 
mappings with d(p, q) = > d(P;, Qi); clearly, P is metrizable. 
4=1 


A set mapping f:f4 t= 1,2, 8, is a triple of set functions. We show 
that the completion P’ of P is the space F of all set mappings f for which 


the images of the f; have finite measure, and where d(f,g) = > d (fi gi). 


The proof that F is complete is the same as for set functions. "We need 


F 
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"accordingly only show that P is dense in F. For this, we fix n, and for 
each Rj", 7==1,2,-- -, 27", and 4 — 1, 2,3, consider the set f;(#,”) in the 
(List, Tiso)-plane. Now, this is a measurable set of finite measure so that there 
is a polygon Qj; in the (Tii, t2)-plane for which m(fi(R,;) + Qu) < (4). 
We construct a polyhedral mapping p such that the image of each #,” contains ` 


the three polygons Qu, 1 = 1, 2,3, and E (p) < 5 5 m(Qiz) < (4), where 
{=l j=l | 
N == 2°", An easy calculation shows that d(f, p) < 1/8", so that # = 9’. 
For every fe F, we let 3 
N 
By (F) = À {Lm (fs Bet) 1? + [m (fa (Re) 7? + Um (fa (Re) TE 
and define the Banach area by B(f) —limB,(f). We show that B(f) is 


lower semi-continuous on F — P’. Suppose fe P’ and B(f) <œ. Letn 
be such that B,(f) > B(f) —</2 and 1/2" < «/6. If d(f,g) < 1/2" then 


3 
> d(fi gs) < 1/2" so that da(fi, gs) < 1/2" for every i= 1,2,3. In other 
{=l 


a N 
words, 2 > m (fi( R) * g (E) < 3/2”. But now, 


B.) — B, MIE CE Em (BP) = È È En GRIS 
SBI C2 En (BI {È Lm (B73 | 


N 


= À À m (fel Bit) $ * gi( Ry") ) 
by the use of a well San inequality [8]. Thus, 


The proof of lower semi-continuity when B(f) = is similar and will be 
omitted. We observe that for polyhedral p, B(p) == #(p), so that B(f) is a 
lower semi-continuous extension of #(p) to P”. Since the Fréchet extension 
(f) is the maximal lower semi-continuous extension of F(p) to P’, we 
have ®(f) = B(f). 

We have already shown that if f is planar, then ®(f) —B(f). We 
remark that if ®(f) is infinite, then so is B(f). This follows immediately 
from the obvious inequalities | 


BE) SBA £ÈB(f) and (fi) SOP) LÉ (fi), for any f. 


For, if &(f) is infinite then at least one B(f;) — D(f;) ‘is infinite. 
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In conclusion, it may be of interest to look at certain peculiar examples 
of the Lebesgue area theory. Thè Geücze surface of zero Lebesgue area and 
infinite Banach area is commonly cited as an exgmple to show that the latter 
definition does not possess the lower semi-continuity character. It is clear 
that the sequence of polyhedra converging to the Geücze surface which illus- 
trated this point does not converge with respect to the distance function 
used here. A second surface of interest is one first given essentially by 
Nôbeling [9] and then used by Besicovitch [10] as an example of a homeo- 
morphic image of the unit square in euclidean 3 space whose 3 dimensional 
Lebesgue measure exceeds its 2 dimensional Lebesgue area. The sequence of 
polyhedra converging to the given surface which shows this turns out also 
to be a fundamental sequence with respect to the distance d(f,g). However, 
now, instead of converging to the continuous surface given by Besicovitch it 
converges to a discontinuous one. Actually B(f) —o for the Besicovitch 
surface. 
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ON THE ZEROS OF SQLUTIONS OF SECOND-ORDER LINEAR 
DIFFERENTIAL EQUATIONS.* 1 


By Zeev NEHARI. 


~~ 


1, The present paper is concerned with the relation between the analytic 
function p(z), defined in a domain D of the complex plane, and the location 
of the zeros of the solutions of the differential equation w’’(z) + p(z)w(z) = 0. 
As in the case of a real variable, we shall refer to an equation as non-oscillatory 
if none of its solutions has an infinity of zeros on the set under discussion. 
If at least one solution has an infinity of zeros, the equation will be said 
to be oscillatory. 


2. Our first result is a complex non-oscillation theorem for an infinite 
half-strip. 


Tuxorem I. Let p(z) be regular and let | p(x + iy)| Sae(a) in the 
half-strip 0S z Lo, —1 <y <1 (z =x + iy), where e(x) — 0 for tz 0. 
If, for sufficiently small positive n, 


(1)  J'elpe+it-mll de <a, 

then the differential equation 

(2) w” (2) + p(a)w(z) — 0 

as non-oscillatory in any half-strip OSS & Lo, —1+8<y<1—S$ 


(0<8 <1). 


Since p(z) is regular for — 1 + 8 & y & 1 — ô, it is obvious that no 
solution of (2) can have an infinity of zeros on any of the linear segments 
gx == const., — 1 -+ô = y 5S 1—5. It is therefore sufficient to consider only 
zeros whose abscissas are different from each other. 

If a and b (Re{a} < Re{b}) are two such zeros, we may transform (2) 
into an integral equation by means of the Green’s function of the differential 


* Received January 5, 1954. 
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equation w” (z) == 0. Formally, the result is the same as in the real case, 
but the Green’s function will now depend on the choice of an integration 
path C between a and b. We take C to be a rectifiable Jordan arc connecting 
a and b which is entirely contained in the half-strip in which p(z) is regular. 
On C, we choose an arbitrary point £, and we denote by Cı and C, the sub- 
ares of C which connect a and é, and € and b, respectively. The Green’s 
function in question is defined as follows. | 


(8) g(2,€) = (2—a) (b—£) (b —a)™, ze C; 
= (¿— a) (b — 2) (b — a)”, ze Ca. 


In view of the identity 
[wg — gw] + [wg — gw] = J. (wg” — gw) dz, g = g (2, €), w = w(z), 


it follows then that a solution of (2) which vanishes for z2— a and z= b 
will satisfy the integral equation 


(4) w(t) = f g(a 6)p(e)w(a)de. 


We now identify £ with the point (or one of the points) at which | w(z)! 
attains its maximum on C. If M is this maximum, we conclude from (4) 
thet ME S GOOLWA e EA S lool eel ld, 


and therefore 


(5) 1S f lo@ Ol |p| as, | de | = ds. 


It may be remarked that (5) contains an inequality of Hartman and Wintner 
[3], to which it reduces if C is a segment of the real axis and p(z) is real 
on C. 

We next specialize the integration path ©. If a = œ + 14", b = b’ + ib” 
(a’, a”, b’, b” real), we shall use a path consisting of three linear segments, 
and running from a to a’ + ti(1— 8), to b’-+7(1— 89), to b. 


By elementary geometry, 
(6—0)/(6—a) |S (144/10 —e)*)F S14 2/(—a’)*? (Ee), 


and we have the same bound for |b—z/||b—al[", and also for 
|¢—a||z—a|* if zeC.. Hence, it follows from (3) that 
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[9(#0)|S|2—al(1 + 2/0 —a)?), ze O 
[98 Eea a +40 — 9P) 2€ C2. 
If, as we shall assume, a’ = 2, we have | 2 —a | S zx, and thus 
(6) BD Sa +4 —#)), ze C. 


We shall, however, use (6) only on the horizontal part of C. On both 
vertical parts it follows from (3) by elementary considerations that 
| g(z,€)| S2(1-+ 2/(b’—a’)*). Combining this and the inequality (6) 
with (5), and assuming that b — a’ >.2, we arrive at the inequality 


(1) 1-4/0) f s| ple + i(1—8)] | de 


1-5 1-5 
+e [pa + in) du +2 f p0 + gl ay. 


It is evident that we lost no generality by assuming that a’ = 2 and b’—a’ > 2: 
if there is an infinity of zeros, we can choose a subset for which these 
assumptions are true. By the same argument, it is sufficient to consider 
subsets of zeros whose spacing is arbitrarily large. If 0 < 6 <1, we shall 
thus assume that for two consecutive zeros (the word “ consecutive ” referring 
to their real parts) a and b we have b’— a’ > 2(1—@)=. 

With this choice of a subset of zeros, the left-hand side of (7) reduces 
to 6. Suppose now that we have n + 1 consecutive zeros Qo, @,° ` `, an, and 
add the n corresponding inequalities (7). This yields 


an’ : n 1-5 | ` 
(8) nb sf æ | ple +i(1—8)]| de + 42 im pay + iy)| dy 


(the right-hand side has been increased by doubling the first and last term 
of the summation). We now use the assumption (1). If 


fel ple +i(—a)]| de< M, 

0 

we arrive at the inequality 
n 1-8 

(9) nBEM+AË f |p +iy)| dy 
yo - 


We now have to estimate the integrals on the right-hand side of (9). 
To this end we consider the Cauchy integral 


(10) pa NOIRE 
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where the integration is extended over the perimeter of the rectangle 
a! /2 —i(1— 8/2), 2a’ —i (1 — 8/2), 2a’ + i(1 — 8/2), w/2 +4(1— 8/2). 
On the upper horizontal boundary of the rectangle we have 


| s—a |7 = |z — g +i(1—8/2—a”) |2 5 | 1—8/2—a” |7 S 2/8, 


the last inequality following from —1+éSa”=1—5. Hence, if I, 
denotes the integral over this segment, 


AIS (1/73) f | ple + i(t —8/2)]| de 


S (2/3) fe | ple + i(1—3/2)]| đe 


By (1), there exists a positive constant M, such that 


(11) f o| ple + iC + 8/2)]| de < M. 
0 

Hence, 

(12) | I, | = 2M, /r8a1, 


and this bound is also good for the contribution of the lower side of the 
rectangle to the integral (10). On the left side, we have 








z — a |“ = | a’/2—a’ —i(y—a”)|7* S 2/a’, 


aud on the right side 
| z— a |7 = | 2a’ —a’ + ily — a”) |7 S17. 


Thus, by (10) and (12), 
; 1-8/2 
(18) | p(a)| S 4/6 + (1/0) J | p(a’/2 + wy) ay 


1-6/2 | 
+1/(2na’) f | pP + iy) | dy. 


By assumption, | p(w + iy)| Sve(x), where e(x) —0 for &æ—c. It 
therefore follows from (13) that 


| p(a) | < 4M, / Tòa -- (1/r)e(@/2) +- (2/a)e(a’). 


Combining this with (9), we obtain 


no <M + (32M,/x8) > 1/a/ + (8/7) $ e(a//2) + (16/x) = e(a). 
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For sufficiently large a)’, this inequality will be true a fortiori if e(a,’/2) and 
e(ay’) are replaced by «(a ’/2). Writing: for short, h(a) = (323f1/1da)’) 
+ (R4/r}e(as/2), Mio) =M + 82M;/rôa0 + (24/r)e(a)’/2) = Ms, we 
thus have | 

(14) n[6—h(a’)] = Ms, 


where h(a’) — 0 for a’ —>œ%, and the constant M, is independent of a)’. 

We now recall that the choice of the constant # (0 < 8 < 1) affected 
the spacing of the zeros of (2) to which our considerations refer, but did 
not influence the choice of the first zero, i.e., of a. If there were an infinity 
of zeros in our strip, we could identify a, with a zero whose abscissa is large 
enough so that h(a’) = 6/2. It would then follow from (14) that n = 2M,;/8, 
implying that the number of zeros with abscissas larger than a’ is finite. 
The assumption that there is an infinite number of zeros in our half-strip 
thus leads to a contradiction, and Theorem I is proved. 


3. In the proof of Theorem I, the assumption | p(s + iy)| S ze(z) 
played the role of a  Phragmén-Lindelôf ” condition whose task was to ensure 
that the inequality (1) should imply lim p(s + iy) = 0 as > through- 
out the half-strip. We may, instead, prescribe the asymptotic behavior of 
| p(z + iy)| for large v and —1<y<1. While this procedure does not 
yield a non-oscillation condition, it leads to restrictions for the density of 
the zeros. 

To illustrate the procedure, we assume | p(s + ty)| < C/a*, C = const., 
c > 0, and use (8). This yields 


(15) nO < Co -+ Cas) + CE ` (a), 
p= 


where Co Ci, C2, are suitable constants. Our aim is to find a type of 
asymptotic behavior of the a,’ which contradicts (15). Since a,’—>0 for 
n—, the sum on the right-hand side of (15) can clearly be neglected in 
this connection. It follows that the assumption (a,’)?-* = o(n) will contra- 
dict (16). However, before we formulate a result concerning the zeros of 
the differential equation, we have to consider the fact that ai, a2,°- + were 
not all the abscissas of the zeros. Since we are dealing with a subsequence 
for which a,,:-——a@, is larger than a certain constant, the assumption that 
Gy is o(n*), 0 < k £ 1, will contradict (15) trivially, and no conclusion may 
therefore be drawn in this case with respect to the asymptotic distribution of 
the zeros. 
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THEOREM II. If p(z) is regular in the half-strip 0OSt<o, 
—lL<cyci(¢=a+wy) and tf ar,a, (ai <a’<:--) are the 
abscissas of the zeros of any solution of the equation w” (z) + p(z)w(z) — 0 
in the half-strip in question, then the assumption 


| p(at+iy)| SCs, 1<o<2 OStcw, —1<y<1 
is incompatible with ay’ = o (n"/C-9). 


Theorem II is an analogue of a result of Hartman and Wintner [2] for 
the case of a real function p(x) of the real variable x. 


4. Our next result gives a non-oscillation criterion for the unit circle. 


THEOREM III. If p(s) is regular in |z| < 1 and 


(16) IN p(e)| dd <, 
then the equation 
(17) w” (z) + p(z)w(z) = 0 


is non-oscillatory in |z| < 1. 
We remark that the mtegral on the left-hand side of (16) is defined as 


the limit, for p — 1, of the non-decreasing function fl p(pe**) | dé. 
0 


The proof of Theorem IIT will again be based on the inequality (5). 
If a and b (|a| <1,|8| <1) are zeros of a solution of (17), we take C 
to be the uniquely determined arc of the circle orthogonal to | z |= 1 which 
passes through a and b and is contained in |z| <1. (8) shows that in this 
case (as generally in the case of a convex are O) | g(z,¢)| S| 9(¢,¢)|, and 


we may therefore deduce from (5) that 1= max | 9(Z¢)| f | p(2) dz |. 
i fec C 


Since | b—¢ | S | d— a | and | ¢— a | S | b — a |, it follows from (3) that 
l9(%%)|S|o—a]. Hence, 


(18) 1S|b—a] f, lp 


Our next step depends on the following result of Fejér and Riesz [1]: 
If g(z) is regular in |z| < 1, then 


(19) fl o(eldo<d f'g] ao, gesting 
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Ji g(z) = F (2) and C, denotes the linear segment —1=21, this may 
be written in the form f | F (z) dz | <f | | #’(z)dz|. Evidently, this 
Co 21=1 


inequality is unaffected by a transformation of the variable z. Hence, (19) 
implies the more general inequality 


(20) fatal <4 [local 


where T is a rectifiable Jordan curve and C” is an are which is transformed 
into a diameter of |z]|—1 by a conformal mapping of the interior of T 
onto the unit disk. 

In particular, (20) will hold if T is the circumference | z | — 1 and C” 
is the intersection of | z| 1 and any circle orthogonal to | z| — 1, since a 
linear substitution w = (2—«)/(1— «*z), | «| <1, which maps the unit 
disk onto itself will transform C” into a diameter if & is appropriately chosen. 
If C belongs to the same orthogonal circle as does the integration path C 

in (18), we have C C O and therefore, by (20), 


f p(z)dz| <4 f, | p(e#9) | de. 


Combining this with (18), we obtain 


(21) 2/1 b— 0 | < f "1 pte) | de. | 


It may be remarked that the constant 2 on the left-hand side of (21) can be 
easily improved to 4 by means of elementary geometric considerations; how- 
ever, for our present purposes this is unnecessary. 


Suppose now that there exists a solution of (17) which has an infinity 


of zeros in |z| <1. If &,@,: : + is a converging infinite subset of these 
zeros, we have lim | &nı — 4, |= 0. Since, by (21), 
Ji— w 


27 mue < | pte 


it follows therefore that (16) is incompatible with the existence of an infinity 
of zeros in the unit disk. This completes the proof of Theorem ITT. 


5. Theorem III is easily generalized to the case of a domain which is 
bounded by an analytic Jordan curve. 
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THEOREM IV. If p(z) 1s ea in a domain D bounded by an analytic 
Jordan curve C, and 


(22) f Ipod] <e, - 
C 

then the equation 

(23) w” (2) + p(z)w(z) = 0 


is non-oscillatory in D. 


The integral in (22) may be defined as follows. We choose a point & 
of D and denote by Cm the level curve g(z, €) =m (m > 0) of the harmonic 
Green’s function g(z,£) of D. A conformal mapping if D onto the unit 


circle which carries ¢ into the origin shows that I(m) == f | p(z)dz | grows 
Cm 
monotonically with decreasing m. For m — 0, Cm tends to C, and lim Z(m) 
m—> 0 


may thus be taken as a definition of the integral in (22). It is obvious 
that in the case in which D is the unit circle and £ the origin, this definition 
coincides with the one used in Theorem ITI. 

Let now z=h(u) map D conformally onto |u| <1, and rewrite 
equation (23) in terms of the variable u. This yields 


(24) v” (u) + q(u)o(u) = 0, 

where w[h(u)] =o(u)v(u) and o(w) is a regular and non-vanishing func- 
tion in |w| <1. By classical results, p(z) and q(u) are connected by the 
identity 

(25) p(z)h?(u) = q (u) — ${h(u), u}, 

where {h(u},u} = (A (u)/k' (u) Y —4(h" (u)/h’(u))*? is the Schwarzian 
derivative of h(u). Since C is an analytic curve and A(u) maps the interior 
of C onto the unit circle, the function (u) is regular for | u | = 1. Hence, 
h’(w) is regular and 0, and {h(u),u} is regular, in |u| S1. By (25), 


im f | p(2)de| tim f] g) — HACU), u) | | Wu) 48, 


where u = pe*?, 0 < p < 1, and it follows therefore that 


(26) lim {| p(2)de | 
and 
(27) lim f | a(pe%)| a 


will be either both finite or mak infinite. 
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By Theorem III, equation (24) will be non-oscillatory in |u| <1 if 
(27) is finite. But since the solutions v{u) of (24) and the solutions w (z) 
of (23) are related by w(z) — v(u)o(u), where o({u) is regular and s£ 0 
in |u] < 1, (28) and (24) are either both oscillatory or both non-oscillatory. 
Hence, (23) -is non-oscillatory if (26) is finite. This proves Theorem IV. 
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LIE ALGEBRA KERNELS AND COHOMOLOGY.* 


By G. HOCHSCHILD. 


Introduction. Let ¢ be a homomorphism of a Lie algebra # onto another 


Lie algebra L, and let M denote the kernel of ¢. In this situation, we can 


associate with each element x of L the set w(x) of derivations m —> [e, m] 
of M, where e ranges over the subset p(x) of E. Then y is actually a 
homomorphism of L into the Lie algebra D(Jf)/I (dl), where D(M) is the 
derivation algebra of M, and I(M} is the ideal consisting of all the inner 
derivations m— [e,m], with ee M. The pair (M, y) is called an extendible 
L-kernel. Generally, an L-kernel is a pair (M, y) consisting of an arbitrary 
Lie algebra M and a homomorphism y of L into D(M)/I(M). Not every 
L-kernel is extendible, i. e., not every ZL-kernel arises, in the way explained 
above, from an extension (E, ġġ) by L. A criterion for extendibility of a 
kernel can be given in terms of cohomology theory. With every L-kernel, one 
can associate a certain 3-dimensional cohomology class for L in the center 
of M, and the L-kernel is extendible if and only if this cohomology class is 0. 
This is the precise analogue of a result of Hilenberg and MacLane [1], for 
the case of groups, and can easily be proved in the same way, mutatis mutandis. 

Pursuing the analogy with the theory of Eilenberg and MacLane a little 


further, one is led to consider equivalence classes of kernels, two kernels being 


+ 


+ 


equivalent if (as Z-modules) their centers coincide and if, furthermore, they 
differ (in a sense to be made precise later) only by an extendible kernel. 
One can then show that the set of equivalence classes of kernels, for a fixed 
Lie algebra L, and a fixed Z-module N as center, can be made into a vector 
space in such a way that the correspondence between kernels and cohomology 
classes induces a linear isomorphism of the space of the kernel classes into 
that of the 3-dimensional cohomology group H*(L, N). 

The first difficulty arises when one tries to show that this map is onto, 
i. e that every element of H*(L, N) arises from an L-kernel with center N. 
This requires the construction of an L-kernel from a given 3-cocycle for L 
in V. It appears that this is difficult to accomplish directly. (The case of a 
semisimple Lie algebra of characteristic 0 shows that one must abandon finite 
dimensionality in such a construction.) However, if one employs the uni- 


* Received February 2, 1954. 
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versal enveloping algebra of L one obtains cocycles of the associative type as 
representatives for the elements of H? (L, N°), and with these one can construct 
corresponding L-kernels by a slight modification (actually a simplification) 
of the construction of associative kernels which we used in [2], where we dealt 
with the analogous theory for associative algebras. 

The corresponding theory for restricted Lie algebras over fields of charac- 
teristic p is considerably more complicated. Here, the enveloping algebra 
ceases to be purely auxiliary but plays a principal part. Also, contrary to 
the case of ordinary Lie algebras, the passage from a restricted kernel to a 
restricted cohomology class (which cannot be defined without reference to the 
enveloping algebra) is even more laborious than the passage from a (restricted) 
cohomology class to a (restricted) kernel. For this reason, dur procedure 
below is in the direction opposite to that of our sketch above. The final result 
is that the space of the restricted kernel classes is isomorphic with that of the 
restricted 3-dimensional cohomology group H?,(L, N), where N is a restricted 
L-module with N17] — (0). For our terminology and for the elementary 
results concerning restricted Lie algebras and restricted cohomology, we refer 
the reader to [3]. Also, one of the main results of that parer is used in 
section 2. 

It goes without saying that the case of ordinary Lie algebras is implicitly 
contained in that of restricted Lie algebras. One merely omits everything 
relating to the p-map. Note, however, that our above account of the ordinary 
case ties up with our remarks at the end of section 1 to show that section 3 
is completely superfluous in the case of ordinary Lie algebras. 


1. Restricted kernels. Let M be a restricted Lie algebra over a field F 
of characteristic p. If m is an element of M we denote by Dm the inner 
derivation of M which is effected by m, i. e., Dn(u) = |m, u]. A derivation 
č of M is said to be a restricted derivation if ¢(m!!) — D,»,?4(Z(m)), for all 
meM. In particular, every inner derivation of M is restricted. The restricted 
derivations of M constitute a restricted Lie algebra, with the commutation 
[¢,7] ==€r—7f and the p-map ¿m —¢. We denote this restricted Lie 
algebra of the restricted derivations of M by Do(M). The inner derivations 
of M constitute a restricted ideal Z(M) of Dy. (M), so that we have a restricted 
factor Lie algebra D,(M)/I(M). 

Let L be another restricted Lie algebra over F. The structure of a 
restricted L-kernel on M is defined by giving a restricted homomorphism » 
of L into D,(M)/I(M). This homomorphism y defines the structure of a 
restricted L-kernel on the center NV of M. This restricted L-kernel N is called 


700 G. HOCHSCHILD. 


the nucleus of the restricted Z-kernel M. Note that, since N is abelian, the 
y-structure of N is the structure of a restricted L-module, while the restricted 
Lie algebra structure of N is reduced simply to a p-semilinear map n — ni” 
of N into the annihilator N? of L in N. When we refer to a nucleus we 
intend this to comprise both of these structures. 

Let M, and M, be two restricted Z-kernels with a common nucleus N. 
We construct a composite restricted D-kernel M with nucleus N as follows. 
In the direct sum (M,, M,) of the restricted Lie algebras M, and Me, let J 
be the restricted ideal consisting of the pairs (n,— n) with ne N. We take 
M — (Mı, M,)/J, where we identify the center (N,N)/J with N by means 
of the isomorphism which is induced by the homorphism (ni, na) — m + mn 
of (N,N) onto N. Clearly, M, and M, may be regarded as restricted ideals 
of M, and when this is done we have M = M, +- Ma M, N M: =N, and 
[M,, M.] — (0). The Z-kernel structure of M is defined from the given 
restricted homomorphisms y, of L into D.(M;)/I(M;) as follows. If veL, 
let &; be a restricted derivation of M, which belongs to the class (x). There 
is a unique restricted derivation of M which coincides with & on M, for 
4==.1,2. The coset mod. (M) of ¢ is evidently determined uniquely by 
y(x) and #:(x), and we denote it by #(x). Then y is a restricted homo- 
morphism of L into D,(M)/I(M) and defines the structure of a restricted 
L-kernel on M. Clearly, the nucleus of M is N. ` 

We may evidently identify W,+ M, with M,+M,, and M,+ (M:+ M3) 
with (M@,+M.)+M,;. The restricted Z-kernels with a common nucleus N 
do not constitute an abelian group with this composition. However, one 
obtains the structure of an abelian group in the set of certain equivalence 
classes of such kernels. The equivalence relation which we shall introduce 
is based on the point of view from which extendible kernels are disregarded. 
Here, a restricted L-kernel M is said to be extendible if there exists a restricted 
extension (E, ¢) of M by E which induces the given L-kernel structure on M, 
i.e., which is such that, for every ee #, the restriction of D, to M belongs 
to the class y(¢(e)) of restricted derivations of M. 

If M, and M, are restricted L-kernels with a common nucleus N we say 
that M, and M, are equivalent if there exist extendible restricted D-kernels 
U and V with nucleus N such that M + U == M, + V. This relation is 
evidently symmetric and reflexive. The transitivity follows at once from the 
fact that a composite of extendible kernels is extendible. Indeed, if (7, $1) 
and (Ez, $2) are restricted extensions by L whose kernels M, and M have 
the same nucleus N, we can consider the restricted subalgebra of the direct 
sum (E1, E2) which gonsists of all pairs (es, e2) in which @:(e:) = p2(e). 
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If we reduce this restricted Lie algebra by the restricted ideal of the elements 
(n, —n), with n © N, we obtain a restricted: Lie algebra E containing M, + M, 
as a restricted ideal. There is an evident restricted homomorphism ¢ of E 
onto L (induced by ¢, or $2) such that (#,¢) is a restricted extension of 
M, + M: by L which induces the proper kernel structure on M, + M,, whence 
M, + M, is extendible. 

We shall see that the equivalence classes of the restricted Z-kernels with 
a fixed nucleus W constitute an abelian group, with the composition of kernel 
classes that is induced by the composition of kernels as defined above. More- 
over, in the case where NIP) = (0) (which is the case of principal interest 
here), we can even define the structure of a vector space over the basic field F 
on this group of kernel classes. This is done as follows. 

Let M be a restricted Z-kernel with nucleus N, and let ae F, «50. 
Denote by Ja the ideal of the direct sum (M, N) which consists of the elements 
(n,— an), with we N. If N! = (0) we have Ja! = (0) so that J, is, in 
particular, a restricted ideal of (M, N). In the general case, it is still true 
that J, is a restricted ideal of (W, N) whenever « belongs to the prime field 
of F, and in particular for « == — 1. Now we form (M, N)/J, and identify 
its center (N,N )/J, with N by means of the isomorphism which is induced 
by the homomorphism (1, na) > an; + n. of (N,N) onto N. The L-kernel 
structure of M induces on (M, N)}/Ja the structure of a restricted Z-Kernel 
with nucleus N. This kernel will be denoted aif. It is easy to see that 1M 
may be identified with M, namely by the map which is induced by the map 
(m,n) —->m-+-n. Also, «(8M) may be identified with (a8)M. In fact, 
the elements of (8M) are represented in (M, N, N) by triples (mM, m, na), 
and it is easily seen that the map (mM, ni, no) — (M, an; + ne) induces the 
required isomorphism of «(B41) onto (¢8)M. Furthermore, one checks almost 
immediately that a (M, + M) may be identified with «M, + aM. Observing 
that the passage M —> «M can be carried over to restricted extensions of M 
by L, we may conclude that «M is extendible whenever M is extendible. It’ 
follows that the maps M — aM induce corresponding maps in the set of 
equivalence classes of kernels. 

It is quite possible to give non-computational proofs for the fact that 
the equivalence classes of kernels constitute an abelian group with the com- 
position defined above, and that our maps M — aM induce automorphisms 
of the group of kernel classes that represent the multiplicative group of F in 
the automorphism group of the group of kernel classes. The only difficulty 
resides in the treatment of the additive structure of F. Note that we have 
- not even defined the zero multiple of a kernel. The above definition fails 
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for ¢= 0, because the center of (M, N)/J, may very well be larger than 
(N,N) /So. | 

Before settling these questions concerning the group structure and the 
vector space structure (in case NT] — (0)) of the set of kernel classes, let 
us enumerate the facts we have to establish. The 0-element of the group of 
the kernel classes will be the class consisting of the extendible kernels. This 
means that if M and U are restricted Z-kernels with a common nucleus such 
that U and M -}- U are extendible then M is extendible. The negative of the 
equivalence class of M is the equivalence class of (—1)M. This means that 
the kernel M + (—1) Af is extendible. Finally, if M is a restricted L-kernel 
with nucleus N such that N'I — (0), and if œ, 8, and «+ 8 are non-zero 
elements of M then «M + BM + (—«— B)M is extendible. 

All these facts will follow easily from a criterion for extendibility of a 
kernel which we shall establish next. Let (M,y) be a restricted L-kernel 
with an arbitrary nucleus N. We can find a linear map æ — ts of L into 
D,(M), called an operator map, such that ts belongs to the class w(x), for 
every se L. We have then [ée, ty] — tia, € I (M), so that we can find an 
alternating bilinear map r from L to M, called a hindrance, such that 
[te ty] = tren + Dry, for all s and y in L. Since y is a restricted 
homomorphism, we have t? — tame I (M), and we choose an element x* in 
M such that t? = tam + Dss. It is easily verified by induction on k that 


' X-1 

Dz (ty) = ty, + Dm, where ys = DË(y), and m = > tr? (T (%, Yra4)). It 
i=0 

follows at once from this that [D,+, ty] is equal to the inner derivation of M 


-1 
which is effected by the element —r (£, y) + S tzt (7 (T, Yp-1-i) ). This means 
i=0 i 


that the element Taly) = t, (£*) — r(a®!, y) + SHa DP-1{(y))) belongs 
4=0 
to N. We shall say that T (or sometimes T,(y)) is a secondary deviation 
of M. 
We obtain what we shall call a primary deviation of M by taking the 
formal coboundary of 7, i.e., the alternating trilinear map êr defined on L 
by the formula 


ôr (x, Y, 2) = te (T (Y2) ) —ty(7 (a, 2)) + te(r (2, y)) 
— 7([2, y|,2) + r([z, 2], y) — (Ly, z], £). 
A straightforward verification shows that ôr takes its values in the center N 
of M, and that it is actually a 3-cocycle for J, in N whose cohomology class 


in H®(L,N) depends only on (M,w), and not on the particular choice of t 
and + (The proof is given in [4]). 
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Ii M is extendible, we can choose the operator map #, the hindrance r 
and the elements +* in such a way that the deviations become 0. In fact, let 
(E, p) be a restricted extension of M by L which induces the given L-kernel 
structure on M. Then we can find a linear map æ— e(x) of L into E such 
that b(e(x)) =z, for all ze. We may then define ¢,(m) = [e(z), m], 
for se L and me M. For a corresponding hindrance, we may take r(x, y) 
== fe(x),e(y)] —e([a,y]). We may take v* == e(x) P — e(l), and it is 
easy to verify that we then obtain T,(y) —0. Also, a direct computation 
shows that ôr — 0. Conversely, we have the following result. 


Lemma 1.1. Let M be a restricted L-kernel, and suppose tt is possible to 
choose the operator map t, the hindrance r, and the elements x*, corresponding 
to the elements x of a basis for L over F, in such a way that èr — 0, and 
Toly) — 0, for all ye L and each basis element x. Then M is extendible. 


Proof. Since ôr == 0, we can define an extension (#,¢) of M by L as 
follows. As a vector space, Z is the direct sum (L, M) of L and M. The 
commutation in E is defined by the formula 


LG, u), (y,v)] = (Le, y], te(v) —ty(u) + Lu, v] + 7(2,y)). 


Indeed, the Jacobi identity is equivalent to dr==0. The homomorphism ¢ 

of E onto L is defined by ¢(v,u) — +. There remains to define a p-map in 

E such that (FE, ġġ} becomes a restricted extension of M by L which induces 

the given kernel structure on M. Let Ry denote the universal enveloping 

algebra of E, and let (x;) be the basis for L over F for which the +;* have 

been defined. We write a given element x of L in the form s = Saw, If 
i 


u £ M we define (x, u)'! within Rx by the following formula, in which it is 

assumed that R;r has been identified with a subalgebra of Rg in the canonical 

fashion: (zu) == (g, u)? — (ur — u) — X, aP ( (2, 0)? — (a,!7), af) ). 
4 


By the usual computation with p-th powers in an associative algebra (all the 
formal results of this kind which are needed are collected in [3]), one sees 
that this element is actually the sum of a linear combination of commutators 
of elements of F and the element ul + X, a,” (a,!7), 3%), so that it actually 


lies in E. The map (a, u) — (x, u)'?! has the additive property of a p-map in 
virtue of our definition, and it is also evident that (a(x, u))®! — a? (x, u). 
Hence, in order to conclude that it is actually a »-map, it suffices to show 
that (x, u)? — (x, u){rl is in the center of Ry. Now u?—ul?] is in the 
center of Ry. Also, since ły is a restricted derivation, (y, 0) (u? — wl?!) 
== (uP — ull) (y, 0), for every ye L. Hence u? — u! is in the center of Rp. 


704 G. HOCHSCHILD. 


Hence it suffices to show that each (s, 0)? — (a;i, 2,*) lies in the center 
of By. Since tz,» — tr, == Dy», each of these elements commutes with every 
element of M. On the other hand, the computation we made above in con- 
nection with T,(y) shows that 


(xi, 0)? er (2:1, T”), 0) — (y, 0) ( (T; 0)? dti (2, u;**)) il (0, Ls, (y)) == 0. 


Hence we have indeed a p-map with which (E, +) is a restricted extension 
of M by L. It is evident that this extension induces the given kernel struc- 
ture on Jf. This completes the proof of Lemma 1. 1. 

Now we observe that we can carry deviations along with our operations 
on kernels in a linear fashion. More precisely, if M, and M, are two 
restricted Z-kernels with a common nucleus and if we have deviations for 
M, and M, the natural carrying over of the operators, hindrances, and 
elements x* will yield deviations for M + M, which are the sums of the 
deviations for M, and M.. Similarly, the o-multiples of deviations for M 
are deviations for aif. These facts can be seen directly from our definitions, 
and require no computational proofs. It is clear how one can now apply 
Lemma 1.1 in order to show that our operations on kernels induce the 
structure of a group or, if Nie} == (0), of a vector space in the set of equiv- 
alence classes of restricted Z-kernels with a common nucleus N. 

As we have already remarked above, the primary deviations of a restricted 
[-kernel M with nucleus N all belong to a single cohomology class in 
H?(L,N). Furthermore, it follows from what we have just seen that this 
yields a homomorphism of the group of the kernel classes into H*(L, N) 
which is, moreover, a linear map in the case where NW! == (0). If every- 
thing concerning the p-maps is ignored, and ordinary kernels for ordinary 
Lie algebras are considered, it is easy to see that the linear map of the space 
of the kernel classes into H*(L, N) is an isomorphism. In fact, if a kernel 
has a primary deviation ôr which is a coboundary, i.e. of the form ôr, 
where o is a 2-cochain for L in N, then we can replace the hindrance + 
by the hindrance r—0, and thus obtain 0 as a primary deviation. By 
Lemma 1.1, it then follows that the kernel is extendible. Finally, in the 
ease of ordinary Lie algebras, the construction of kernels which we shall 
give in the next section leads at once to the conclusion that every cohomology 
class in H*(L, N) arises from an L-kernel with nucleus NV, so that H°(L, N) 
is isomorphic with the space of the kernel classes, by the linear map which 
is obtained from the primary deviations, just as in [1] for the case of groups. 


2. Construction of kernels. We begin with the construction of an 
associative kernel for-an arbitrary associative algebra U over the field F. 


\ 
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Then we shall take for U the u-algebra of a restricted Lie algebra L and 
turn the U-kernel into a restricted L-kernel by replacing the multiplications 
with commutations. eer 

We denote by u—>u’ a linear isomorphism of U onto a copy U’ of the 
underlying vector space of U. Let J denote the sum of the homogeneous com- 
ponents of degree 1 and 2 of the tensor space over U’, relative to F, i.e., 
IT=U’+U’@U’. We introduce an auxiliary associative algebra C of dimen- 
sion 2 over F: C = Fe + Ff, where e = e, f? = f, ef = f, fe =e. We make 
the direct sum J == C + I into an associative algebra over F, containing C 
as a subalgebra, and such that IJ — (0), while ev = v = fv, for every vel. 
Now let K denote the direct sum J + U QU. It is easy to verify that there 
is a multiplication in K with which K is an associative algebra over F con- 
taining J as an ideal, and such that the following requirements (which 
evidently characterize the multiplication) are satisfied: 


(WSU + U QU)K = (0); for u, t, and us in U, 
eus © tte) = uy’ © we’, f(u, @ us) — 0, and 
w (tu, Qu) = (um) @ ug’ — ul ® (uw). 


One can verify directly that the center of K is (0). Finally, let N be a 
left U-module over F, and put W—K + N. We make M into an associative 
algebra over F such that MN = (0) = NM, Then N is the center of M. 

Now let g be a given 3-dimensional cocycle for U in N. This means 
that g is a trilinear map from U to N satisfying the identity æ- g(y, z, t) 
— g (xy, z, t) + g(x, yz, t) —g(a,y, zt) =0. We can make M into a left 
U-module containing N as a U-submodule, and such that U- J = (0) and 
ur (us @ Ue) = uth, © te — U @ Urio + qu, Ur Ue). We claim that u- (ab) 
— (u-a)b, for all a and 6 in M and all win U. Indeed, since J is an ideal 
in M which is annihilated by U, wu: (ab) and (u-a)b are both 0 if aeJ. 
IfaeU@U+N then ab = 0 and u-aeU@U-+N, so that (u-a)b — 0. 
This suffices in order to establish our claim. 

Next we define right U-operators in M such that 


(W@U'+U@U+N)-U = (0), e-u—w, f'u—= 0, and 
Uy U = (uu) + uy ®w’. 


These right U-operators commute with the left U-operators. On J, this 
follows at once from the fact J/-U C J and U:J— (0). On UOU +N, 
this follows from the fact that U- CRE CUÜUŒQU+LN and 
(UQU+N) U= (0). 
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Furthermore, (ab) -uw==a(b-w), for all a and b in M and all u in U. 
Indeed, if b lies in UW’ @U’ LU &U -+N then so does ab, whence 
(ab) -u = 0 =a(b-u). Hence we may assume be C+ U’. Then, if 
acIt+U@U+N, ab—0 and buel so that a(b-u) —0. Hence we 
may asume that awe C and beC + U’, and in this case it is easy to verify 
directly that (ab) -u—a(b-u). 

Finally, we claim that (a-u)b=a(u:b). Indeed, if ae UQ@U+N 
we have (a: u)b = 0 =a(u:b). Hence we may suppose that aeJ. Then 
arus. Now if beJ -+ N we have u-beN and therefore (a°u)b —0 
— a(u:b). Hence we may now assume that aeJ and beU@U. Now if 
ae Ff +U QU we have a°u—0 and a(u:b) = 0. There remains the 
case a £ Fe + U’ and be U QU. In this case, the relation (a-u)b —a(u:b) 
is easily verified directly. 

With our right U-operators, M is not a right U-module. Instead of 
(a: U1) Ua == a (Wto), we have actually (a@- t4) ue — a: (Urta) = alu: È us). 
Indeed, each side is 0 whenever ae Ff+<UQU'+LUQ@U<+N. The 
remaining case ae Fe + U” is easily checked directly. 

Now take U = Urt, where L is a restricted Lie algebra over PF. 
(Ur = Rr/Pr, where Py is the ideal generated by the elements of the form 
ap — xl, with ve L. Urt is the ideal of Us which is generated by the 
elements of L.) Then N is already defined as a restricted L-module, and 
the given cocycle g represents an element of the restricted cohomology group 
H,3(L,N). We regard M as a restricted Lie algebra with [a, b| — ab — ba 
and alvl==a?, If geL we denote by ts the restricted derivation of M which 
is defined by t,(4) —=x'a—a:x (working in the ring of linear transforma- 
tions of Fr ® M, one sees at once that ¢,(a'?!) == D.?1(t,(a))). We have then 


(toby — tyta — tray) (a) 
= (a-y) e—a: (yx) — (a's) y +a: (ay) = [et @y—y Bz, a]. 


Hence ¢ induces ,a homomorphism of E into D,(H)/I(M). If us denotes 
the left z-operator on M and v, the right æ-operator we have t,— ug — vz. 
Since Us commutes with v,, we have therefore ta? — Uz? —v,?. Since M isa 
left Uz*-module, ua? — ust. On the other hand, one finds by induction on k 
that, for k > 1, v (a) =a: a + a(2 1 @ x), and so Va? == Voir — Dz», where 
cat Oge. Thus t — tam = Dés, which shows that our homomorphism 
of L into D,(M)/I(H) is a restricted homomorphism, so that we have the 
structure of a restricted ZL-kernel on M. In order to exhibit the dependence 
of this structure on the given cocycle g, we shall now denote our kernel by Mp. 
Observe that the nucléus of M, is N, with N'I — Nr = (0). 
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If h is any 2-cochain for Uz* in N it is easily seen that Mep is extendible. 
In fact, we can actually define the structure of an associative algebra on the 
space Urt -+ My which contains the associative algebra Ms, as an ideal. 
The multiplication is defined by the formula 


(u-+a)(v+ 0) = uv+u.b+a:v+ ab +u@v—k(u,v), 


where u and v are in U;*, and a and b in Ma. We make this associative 
algebra into a restricted Lie algebra in the same way as we made M into a 
restricted Lie algebra. Then L + Ms is a restricted subalgebra, and if we 
define (x + a) =z the pair (L -+ Mam p) is a restricted extension of Ms, 
by L which induces the given kernel structure on Ms. 

Now we can easily find deviations for M, which depend linearly on g. 
In fact, it is clear from the above that we may take r(x, y) =zr®y—y@e 
for the hindrance. <A direct computation shows that the corresponding primary 
deviation êr is given by Ôr(x,y,2) = 9(2, y,2) —9(%,2,4) Fe L,Y) 
— 9 (2: Y, x) + 9(Y; 2, T) — g (Y; £, 2). 

In order to compute the secondary deviation, write y, for Dy), and 
note that 


ba? (T(E, Ypi) ) = be! (T8 Ypi — Ypi OB) A+ (£ O Yp-14 — Yp- @ T) 
= 29 Q yp ii — UB Ypi — BY p11 € + g (#4, t, Ypri) — g (24, Yo- T), 


for 121. If we sum these terms from i= 1 to i= p— 1, and then add 
the term + © yp-1 — y, Q x, we find that 


prt ant , z 
2 bot (7 (2, Yp1-i)) = 2 (g (2, ©, Ypi) — 9 (T, Yp-r+%)) + al @ y 
t= 4= 


p-i 
— X uty, 1; © T. 


į=0 


By a well known identity, valid in any associative algebra of characteristic p, 


g-1 
we have È 2751; yat, If we substitute this above, we find that, using 
i=0 


ct == PI @a in T:(y), we have 


pai À : 
Ta (7) Hi g (Y, ap, t) + 2 (g (2$, T, Yp-1-) k g (z$, Yp-1-i; a) ) ‘ 


By what we have seen in section 1, it follows from the linear dependence 
of these deviations on g that the map which sends g into the equivalence 
class of Jf, is linear. Since Ms, is extendible, this linear map induces a 
linear map of H,.°(L, N) into the space of the kernel classes with nucleus N, 
where NUI = (0). 
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We shall show next that this linear map is an isomorphism. This means 
that if M, is extendible then g is a coboundary. Suppose that (F, ¢) is a 
restricted extension of M, by L which induces the given kernel structure on 
M, Then we can find a linear map æ->e(x) of L into E such that 
d(e(v)) =v and t,(m) = [e(x), m], for all ge L and all meM,. Then, 
for x and y in L, [e(x), e(y) |] —e(Îx, y]) is an element of Mp, and the inner 
derivation which is effected by this element coincides with [tz, ty] — tte, 
which is the inner derivation effected by c@y—y@zx. Hence we have 
Ce(æ), e(y)| —e([a,¥]) —t@y+y@aeN. Similarly, the inner deriva- 
tion which is effected by the element e(æ){?l — e(2'?!) coincides with ta? — tatr, 
which ‘is the inner derivation effected by 2°*®«. Hence we have 


e(a) P] — e(l) — a? Ove N. 


The ‘component J of A, is easily seen to be a restricted ideal of F, and 
M,/J may be identified with the component Q = Urt Q Urt +N of My. 
Put S = H/J, and let ¢’ be the homomorphism of § onto L which is induced 
by ġ. Then (9, ¢’) is a restricted extension of Q by L. If s(x) denotes 
the eoset mod. J of e{æ) we have, from the above, [s(x),s(y)]—s([2,y¥]) 
—2@ytySueN, and s(x)l—s(alel) —_aP+@aeN. Since [Q, Q] 
== (0) — Q], we can apply the theory of [3] to (S,¢’). In particular, this 
theory shows that there is a 2-cocycle À for Uzt in Q such that (S,¢’) is 
equivalent to the restricted extension (Er n) which is constructed in the 
standard fashion from h, i.e., the space of F» is the direct sum (L, Q), the 
commutation is given by the formula 


[ (4, qı); (22, qo) | = (Ets vo], Ta Qi — 22° Ge + h(a, te) — l (a2, 21) ), 


the p-map is given by (a, q){?! = (lel, 2-1. g + h(x, x)), and rlt, g) = 2. 

Now let us consider the extensions (S/N, ¢*) and (£;/N,#,*) which 
are obtained by reducing the above extensions mod. N. These are equivalent 
restricted extensions of Q/N by L. From our above relations involving the 
map s of L into S, it is clear that (S/N, ¢*) is equivalent to the extension 
(Line, dye), where k is the 2-cochain for U;* in Q which is defined by 
k(u, v) = u® v, and k* is the 2-cocycle (for êk = g) for Uzt in Q/N which 
is obtained by reducing k mod. N. On the other hand, (#,/N,¢,*) is 
equivalent to (Hy+, pne), where h* is obtained by reducing Amod. N. It 
follows from the theory of restricted extensions that there is a 1-cochain c* 
for U;* in Q/N such that A* + 8c* = k*, Choose a 1-cochain c for Uz* in 
Q which reduces to c* mod. NW. Then the 2-cochain 4 — h — èc takes values 
in N, and 8(k — h — 8c) = dk = g, i.e., g is a coboundary. Hence we may 
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conclude that the map g —> M, induces a linear isomorphism of H,%(L, N) 
into the space of the restricted kernel classes with nucleus N, and N! — (0). 
There remains to show that this actually is an isomorphism onto, and this is 
the purpose of the next section. 


3. Construction of cocycles. We require a construction which attaches 
a 3-cocycle for Ur* in N to a given restricted L-kernel M with nucleus N, 
such that N?) == (0). Let «>t, be a linear map of L into D,(M) which 
represents the kernel homomorphism of L into Do(M)/I (M), and let 7 be a 
corresponding hindrance, so that [t,, ty] — tte; == Drim. The restricted 
derivations t, of M extend uniquely to derivations of Ua which we still 
denote by te We have then, for all æ and y in LE and all weUy, 
(taty — byte — boyy) (0) = 7 (2, y}u — ur (x, y). 

We shall construct a non-associative algebra © over the tensor product 
(relative to the base field F) Un Uy which contains Uy as a subalgebra 
and whose deviation from associativity will yield the required 3-cocycle for 
Ur in N. The underlying idea of the construction of Q is that Q is made 
to come as close as possible to the u-algebra of a Lie algebra, which would be 
a restricted extension of M by L inducing the given kernel structure on M, 
if it actually existed. At any rate, Q/QN will actually be the w-algebra of a 
restricted extension of M/N by L. 

We choose a well-ordered basis (+;) for L over F and write the elements 
of Ur as linear combinations of ordered monomials in these basis elements, 
with all exponents less than p. The elements of Q will be written in the form 
2 Qu, Where the qy are such ordered monomials, now regarded as elements 


of Q, and the u, are arbitrary elements of the subalgebra Ux of Q. This 

notation will be consistent with our definition of the multiplication in Q, 

for we define, for we Um, (> quux)u = È qu(uru). The products u(qv), 
k k 


for u and v in Ux and q an ordered monomial, are defined inductively on the 
degree of q as follows: u (xw) = vi(uv) — t. (u)v. Suppose we have already 
defined u(qv) whenever q is of degree no greater than some m, in such a way 
that u(qv) = x gk(uxv), where each qw is a partial product of the factors 


of q, and ure Uy. Then, if r is an ordered monomial of degree m + 1, we 

have r == xig, where q is an ordered monomial of degree m. We then define 

u(rv) = $ tigr (Uzt) — ts (u) (qv). Note that, since q, is a partial product 
k 


of the factors of q, xq, is indeed an ordered monomial with all exponents 
less than p. 


a 
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For each basis element 2; we select an element zë in M such that 
tn? — tout = Dy», on M. Then, on Uy, (tc? — tei) (u) = tiu — uni. 

Now we define the products a;(qv) for ordered monomials q by induction 
on the lexicographic order ( (degree of g),1). We may suppose that q is of 
degree > 0, and that the products of smaller lexicographic order than 2;(qv) 
have already been defined. We write q = tjr, where 0 < e < p, and r is an 
ordered monomial containing only vgs with k > 4, or r —1. Also, we set 
s = gr, so that g==2,;s. Now define (It is implied throughout that our 
definitions of products ab are extended by bilinearity to products of linear 
combinations of terms like a and b.) 2a(qv) = æiqv, if either i< j, or 
i=j and e < p— 1; m(qu) = (Pl +. a*) (ru), if +7 and e== p—1; 
(qu) = 2;(%(sv)) + (Le, z] + a(t z)) (sv), i£ a> 7. 

Finally, the definition of the multiplication is completed by defining, 
inductively on the degree of the monomial in the first factor, (qz) (rv) 
= q(a(u(ro))). 

It is evident from our definitions that if a and b are arbitrary elements 
of Q and weUy we have (ab)u==a(bu). We shall prove also that 
(au)b — a(ub) and (ua)b = u(ab). This will be proved by induction on 
the degrees of the monomials occurring in «a, using preliminary results which 
we must establish first. 

If wig is an ordered monomial beginning with g, and u,v are in Uz, 
our definitions show that u(aiguv) = x;(u(qv)) —te,(u) (qv). From this, 
it is easily shown by induction on the degree of the ordered monomials 
occurring in a that w(va) = (wv)a, for all ain Q and all u,v in Uy. Using 
only this and the last item of our definition of the multiplication in Q, one 
finds that (aw)b — a (ub), for all a and b in Q and all u in Ux. 

Next we shall show that, for all u and v in Uy and all ordered monomials 
q, we have u(x(qu)) = (ua;) (qv). Indeed, this is clear from the above 
whenever 2g is an ordered monomial, i. e., whenever g = 2;°r, where either 
j >4, or7—itiand e < p— 1. Now suppose that qg = spr. Then we have 
u(xi(qv)) = u(n (rv)) + (ua;*) (rv). Assuming our result has already 
been proved for monomials of smaller degree than g, this can be written 


w(ai(qu)) == (un Lux) (ro) = (alu + atu — te? (u) (rv) 
== dar 1 (u(rv))) — tat (u) (rv). 
Now we have 2;(u(rv)) =wu(erv) + t2,(u) (rv), and if we apply 
this p— 1 times we obtain 2??(u(rv)) -5 (Cr) EE (u) (a? rv) 


-1 
ay (— 1)"ts t (u) (ziru). If we multiply by z; and then replace tits” (u} 
k=0 
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by tet? (u) + te,*(w) a; most of the terms from the above sum will cancel out, 
and we obtain 2;(#1(u(rv))) =t,,?(u) (rv) + (uz) (qv). Substituting 
this above, we find u(2;(qv)) = (ua;) (qv). 

There remains the case g = 2s, with j <1. Here we make the induction 
on the lexicographic order ((degree of g),7). Then, assuming the result 
proved in lower lexicographic order, we have u(x;(qu)) —u(x;(ai(sv)) 
+ Lui, s] (sv) + ra, 2))(sv)) = (ua) (ai(sv)) + (ula, t] + urle 2))(sv). In 
the first term, replace wa; by sju — ts, (u). Then we can write it in the form 
x; (u(ai(sv))) — te; (u) (2i(sv)). By inductive hypothesis, this is equal to 
x; { (ut) (sv)) — (te, (4) 21) (sv) = (ttiu — tits, (U) — tz, Ken Hence 
we have 


(u(ai(qv) ) = (aru — Tjita (U) — ba) (1) + wl ei, i] + wr (24, ti) ) (sv) + 
On the other hand, using the inductive hypothesis, 


(ua) (qu) = zi(u (g0) ) — ta, (u) (qv) = zi (ua) (sv) ) — (tag (u) 23) (82) 

== ty ( (2b — te, (U) ) (80) ) — (te, (u) 2) (sv) 

= a (xj(u(sv))) — (Sita (U) + ta (u)z;) (sv) 

= (rai + Lai, vj] + T ti LJU — Tita (U) — t(u)æ;)(su). 
It is easy to check that the first factors in our final results for u(x;(qgv)) and 
(ux) (qv) are equal. Hence we may conclude that w(aja) == (ux;)a, for all 
a in Q and all u in Uy. 

We are now in a position to prove inductively on the deore of the 
monomials in a that (ua)b —u(ab). The critical inductive step is the 
following: 

(u(æigu))b = ( (wai) (qu) )b = ( (ziu — te, (U) ) (qv) )b 

= (ai(u(qv)))b— (te, (u) (qu) )b. 
By inductive hypothesis, the second term is equal to ts, (u)((qv}b). On the 
other hand, since ag is an ordered monomial, it is easily seen from our 
definitions that the first term is equal to æ;(w((gv)b)), and hence, by the 
above, is equal to (ww) ((qv)b). Hence we have 

(u(aigo))b = (zu — to, (u)) ((qv)b) = (ua) ((gv)b) 

= u(a:((qu)6)) = u((aigv)b), 


which is what was to be proved. 


A 


Now observe that our kernel structure on M induces the structure of a 
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restricted L-kernel in M /N. By Lemma 1.1, this restricted L-kernel M/N 
is extendible. Denote by (Z,¢) the restricted extension of M/N by L which 
is constructed as in the proof of Lemma 1.1. The space of E is the direct 
sum (Z,M/N). We define a linear map p of Uz, into Ug by making the 
image of an ordered monomial q in the basis elements of L equal to the 
ordered monomial in Uy which is obtained by replacing each 2; by (s, 0) e E. 
Let o denote the canonical homomorphism of Ux onto Uxyx C Up. Then 
p®o is a homomorphism of Q onto Up whose kernel is the ideal QN of Q 
which is generated by the elements of N. Since Up is associative, it follows 
that a(bc) — (ab)c e QN, for all a,b,c in Q. 

We have a linear decomposition of Q into the subspace Ur and the 
ideal Ur © Uy. For any element a of Q, denote by a° its component in Uzr, 
so that a = a? + at, where ate UL® Uxt. We claim that there is one and 
only one linear map y of QN onto N which is the identity map on N and 
which is such that y(ab) —a°-y(0), for all be ON and all ae Q, where N 
is regarded as a Uy-module in the natural fashion. Indeed, there can 
evidently be at most one such map. In order to prove its existence, it suffices 
to show that if (n;) is a basis for N over F, and a; are elements of Q such 
that > apn; — 0, then each a; must belong to Ur @ Ux. Let u; denote the 


product of the finite set of elements n,” t, where / runs over all those indices 
for which a,540 and k 547. Since eat MP = 0, right a ea by 4, 
gives ajju; = 0, and this evidently implies that a; e Ur © Uy". 

We shall now have to consider multiplications in Uy and multiplications 
in Q simultaneously. In order to avoid confusion we shall therefore denote 
elements of Urt by a, y, 2, etc., and their corresponding elements in Q by 
x’, y’, 2, ete. With this understanding, we define a trilinear function g from 
Urt to N by g(#,y,2) =y (z (yz) — (#’y’)@’). 

Now we observe that if any one of the elements a,b,c is in QM then: 
y(a(be) — (ab)c) = 0. We use the fact that QM — MQ — Ur ® Ux", so 
that y annihilates MQN = QMN. With me M, our assertion now follows 
from the relations 


(ma) (be) — ((ma)b)c == m(a(be)) — (m(ab))e = m(a(be) — (ab)c) e MON ; 

a((mb)c) — (a(mb))¢ = a(m(be)) — ((am)b)e = (am)(bc) — ((am)b)e, 
which belongs to MON by the first case, because ame MQ; 

a(b(mce)) — (ab)(mc) = a((bm)c) — ((ab)m)c = a((bm)e) — (a(bm))c, 
which belongs to HON by the seven case, because bm e MQ. 
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From this we can show that g is a 3-cocycle for Ur* im N. In fact, 
we have , | 


89(2, Y, Z, t) = T - g(y, 2, t) = g (xy, 2, t) + g(x, yz, t) — g(a, y, zt) 
= ya (y (ZE) — (ZI) — ayy (et) + (Cry? 
+ 2’ ((yz)'V) — (yzy e — ey (ty) + y (at). 


Since (zy —v’y’ s QM, ete., we may replace (eyy by 2’y’, etc., in the above 
without changing the value of the total expression. If we make these replace- 
ments we obtain 


òg (2, Y, 2, t) = (y JL — r (y'r). 


Now (a’y’)2’ — e (yz) e QN, and if ne N we have nt’ = Yn — t:n, whence 
y(ant’) == 0, for all a in Q. Hence we may conclude that 5g = 0. 

Next, using that t'y — y's’ = [x, y] + r(x, y), for x, y in L, etc., one 
verifies that, for 2, y, z in L, 


ICE, Y, 2) — ge, 2, Y) + gC, 2, y) — 9 Y, €) + IY 2, £) — JY, 2,2) 
= ôT(T, Y, 2). 

This means that the primary deviation of the kernel Af, which was constructed 
from g in section 2 coincides with the primary deviation of M. We wish to 
show that M is actually equivalent to M,, i.e., that the kernel M + M_, is 
extendible. We shall prove this by means of Lemma 1.1. A hindrance p 
for M + M, is given by p(z, y) —r(x, y) + c@y—ySx. By what we 
have just seen, the primary deviation 8p is then 0. . 

Put 2°—2;* +2?! O rne Mp M_, Then we have, in M+ M-p, 
in? — trr = Dz. We shall show that the secondary deviation computed 
from p and the q; is 0. It suffices to prove that T,,(2;) = 0, for all + and 7. 

First take the case j} =i. We have Ta, (2i) == ts, (2) — p (2, x) 


+ 5 tai” (p (Ei Do? **(2i))). This reduces to Tae (t:) = ta, (2:0) — p(a!?!, t). 
On te other hand, we have, in Q, 
(arm) — (an? >) a; = wi (asl) + mi) — (m + e) e 
= ty, (a) — r (2), x). 


This last expression is a secondary deviation for the kernel M, and therefore 
lies in N. Hence it is equal to its image under y, i. e., to g(a, 271, zi). On 
the other hand, we have, in My 


fn (LPT O ti) = GP O a; — x, O rP — g(x, xP4, t). 


From these two results we see at once that the above Ta (zi) =Q. 
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The case 7 547 is considerably more difficult. In order to dispose of it, 
we require further associativity relations in our our algebra Q. These are 
the following: let a,,---,a4, be a set of elements of Q such that, with 
some given pair of indices 4 and 7, tÆ j, the monomials occurring in the a@’s 
involve only a and x; the sum of their degrees in x; being no greater than 
p— 1 and the sum of their degrees in æ; being no greater than 1. Then 
all products a: : an (with all possible arrangements of the parenthesis) 
are equal. In order to prove this, we observe that each of these products is 
obtained by first writing down the factors t, x; or we Uy in the order in 
which they occur in a,:- ‘a, and then making a series of straightening 
operations as follows: 


à Tdi” £ PET “ (ait; + [ts Gi] + r(t ti) ) + si Or 


. "UT: D" (wy — ty, (u) ) - = Nis 


or according to the schemes obtained from these by interchanging i and 7. 
Clearly, each such straightening yields a linear combination of (symbolic) 
products each of which is of the same type as @,- - -a,, the index j being 
replaced by some possibily different index k, resulting from [2;,2;]. Hence 
it will suffice to show that the order in which these straightenings are carried 
out is immaterial for the final result. It is clear that differences can result 
only from inversion of the order of the straightenings of a triple, as shown 
in the following scheme, where (a,b) denotes the result of straigtening the 
symbolic product ab, ete. : 


Jiro (a b)e + e + ({a,B), 0) +: 
Noe aD e) > + (a, (B,6)) 0+. 


abc: . 8 


If we write down all possible permutations of 3 elements from the set 
U, Ci, Ti, Ui, Uj, We see at once that there is only one triple in which such 
alternatives exist. This is utz; if t> j; or uae, if i<j. But, since u 
associates with every pair, the two straightening procedures indicated above 
give the same result. This completes the proof of our assertion. 


What remains to be proved is that, for 741, Ta, (z;) —0. This is the 
sum of a secondary deviation for M and a secondary deviation for M_,. We 
have already computed the secondary deviation for M- in terms of g. The 


p-1 
result was — g(t; tP, m) + X (g (až, Do? (x), ti) — g(t, ty D,z?**(a;))). 
k= 


By the associativity relations we have just proved, the values of g which occur 


4 
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in the sum are 0, except possibly for k==p— 1. Hence the secondary 
deviation in M_, reduces to ! 


—g (25, Ti po » À) + g (are, dj; Ti) T9 (oP, Ti, tj) : 


Now suppose first that 7 > i. Then we have, in Q, vf (eje) = (a? *2;)a, 
whence g(a", xj, ai) = 0. Similarly, g(w?", ta 7;) — 0. Hence the above 
deviation for M_, reduces to — g (£; tP, m). We must therefore show that 
the corresponding deviation for M kes the value g(z; x? t). Let € 
denote -commutation with 2; in Q, i.e, €(a) = tia — azı Consider the 
product 2,22? in Q. Since the products of at most p—1 factors æ and 
one factor x; are associative, we have, by an associative ne in charac- 


teristic p which we have already used in section 2, 277? = = gr- (w) 
cd + £ afér-tk(x;). Hence we obtain Garie. == pP (vjr) 
-+ 2 (x ey, Tj) jz In the first term, we may replace syz; by tx; — é (z); 


in the sum, we may re-associate the products because £?-*-*(az;) is of degree 1 
in the 2’s, and then replace {?*-*(2,;)a,; by mér (e) — &*(a;). Then we 
obtain (zjapi ye, = vj?" (ra) — (x). Hence we find 


xj (Prey) — (amp) = ta (x) — Lei, r] — r (2, cj) + (a). 


If we write out £?(2;) in full, we find that the right side of the last equation 
is precisely the value of our secondary deviation for M. Hence the associator 
on the left lies in N and therefore coincides with g(æ; v1, si). Hence the 
secondary deviation for M is equal to g(x; tft, ti), as we wished to show. 


There remains only the case 7< 4. In this case, g(2;, t, ti) = 0, so 
that the value of the secondary deviation for MW_, reduces to g(a}, vj, %) 
— g (P1, ta £j). Accordingly, we consider the difference of associators in Q, 

UP (ati) — (ePi) ti — VP (airs) + (UP tm) a; 

== — 08-16 (1) — (oo + aire, + fc. 
By an associative identity like the one we have used above, we have, with the 
same a as before, qP iz; = > (— 1)7 irei (z;)z*, and similarly 


opte, e) = = (— 1) P-2-kgo-k (m) an, Tn the first of these equations, we 


isolate the a with k= p— 1 as before. Then we substitute the sums in 
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the above expression for the associator difference and re-associate permissibly 
to obtain ‘ 


| p-1 p-2 
— > (— 1)P-1 kerk (2;) ar, _ > (— 1)?-1-kgp°1-k (x;) met — (ajay? ) 2; 
X=0 k=0 


+ mir, + mix, | 
This reduces to — £?(a;) — a,x?) + Pg; —t,,(a;*). As we have already 
seen above, this is the negative of the secondary deviation for Af, and hence 
lies in N and so coincides with g(t, ti tj) — g (2871, Ci ti). 
Hence we may now conclude that the deviations for M + M, are 0, so 
that M + M_, is extendible, i. e., M is equivalent to M,. This completes the 
proof of the followmg main result. 


THEOREM 3.1. The map g — M, of the space of 3-cocycles for Ur* in 
the Ur'-module N induces a linear isomorphism of H,5(L, N) onto the space 
of equivalence classes of the restricted L-kernels that have N as nucleus, with 
Nr = (0). 
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REMARKS TO AN EARLIER NOTE (Vol. 57, pp. 539-540). 


By AUREL WINTNER. 


By using the elements of the theory of normal families, the “best” 
domain of regularity, as determined in [2], will in this note be transferred 
to the case in which the differential equation is regular only in the unknown 
function. This will supply the determination of the “best” convergence 
interval of the expansion introduced. by Perron [1]. 


1. Under the normalization that (0,0) is a point of the (x, y)-region 
on which a given function f(x,y) is continuous, consider the differential 
equation and the initial condition 


(1) dy/dx = f (x, y4), y (0) = 9, 
and suppose that, on the real'-interval under consideration and for small | y |, 
the function f(x, y) is a uniformly convergent power series in y, say 


(2) F(a 9) = 3 fala) 9, 
Then the solution y(æ) of (1) is not in general a power series ax + : : : 
-+-a,0"-+-- - but, corresponding to the mere continuity of the coefficients 


fe(xæ) of (2),.a curve y = y(x) about which not more than the existence of 
a continuous slope dy(x)/dx is assured. Correspondingly, the assumptions 
imposed on (1) do not exclude the case, important in many applications, in 
which the coefficients f,(2) of (2), instead of being regular power series in 2, 
have at z= 0 singularities of the type of 23, wsin (æ1),:: or are not 
analytic at all. Then such methods as that of the successive approximations 
(Cauchy-Lipschitz) are still applicable. But these classical methods, being 
applicable also when f(x,y) is not a power series in y, fail to utilize the 
advantages which, even from the point of view of a meee of y(x), might 
result from the power series structure of (2). 

In a little-known paper, Perron [1] considered an algorithm which does 
not fail to utilize the assumption that f(x, y) is a power series in y (but not 
necessarily in a). His procedure is as follows: First, replace y in (2) by 
ty, where ¢ is a parameter, and, for a fixed value of t, denote by yt = yt (x) 
the solution of what results from (1) upon this replacement; so that 


(3) dy*/dæ = f(x, ty),  y*(0) =0. 


* Received January 30, 1954. 
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Next, assume for the solution y‘(x) of (3) a power series in ¢, say 


(4) y (2) = 3 da(a)tr 


(the coefficient functions a(s) of (4) can be calculated uniquely, since 
substitution of (4) into (3), when followed by a comparison of the coefficients 
of t” on both sides of what then becomes of (3), leads to the recursive formulae 


po(x) -f fodæ, : : "s Pn (x) =f Pa(fos fot > * > fn Pos Pa” +, Ọna) aa, 


where P, is a universal polynomial, with positive ‘coefficients, in its 
(n+ 1) + n arguments fi, ¢;). Finally, observing that (3) is the case t = 1 
of (3), hope that the case = 1 of (4) will supply a convergent expansion, 


(5) y (&)— 3 du (2), 
of the solution y(x) of (1). 


2. In his paper referred to, Perron justifies this hope, on the interval 
(6) 0 S v S min (a, 4b/M), 


under the following assumption: The coefficient functions f(x) of (2) are 
continuous on the interval OS v & a -+ e and satisfy the inequality 


(7) | fela) S (M —e)/b* for OS tSate (k = 0,1,2,: - -), 


where a, b, M and « are positive constants. In fact, Perron proves by a 
majorant argument that, by virtue of (7), the series (5) is absolutely con- 
vergent on the interval (6) and represents there the solution y(x) of the 
case (2) of (1). [The letters a, 6, M, used above, correspond to the standard 
notations, those occurring in (8) and (9) below; in these notations, Perron’s 
four constants K, M, b — a, y are represented by M — «, 1/b, a, 0 respectively. | 

À glance at Perron’s explicit solution of his majorant of (1) shows that, 
under his hypothesis (7), the occurrence of the factor 4 in the limitation 
(6) of the convergence range of (2) cannot be helped. The occurrence of 
the À seems nevertheless uncalled for, since, if a, b, M have their meaning 
customary in the treatment of (1) by successive approximations, then the 
latter are known to lead to the range 


(8) 0S¢ min (a, b/M), 
which does not contain the 4 of (7) and is the “best possible” range for 


function-theoretical reasons; cf. [2]. It is understood that the customary 
meaning of the three constants a, b, M is that contained in the assumption 
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| 
that (for some fixed « © 0 which, except for the sake of a comparison with 


(7), could be replaced by e= 0) i 
(9) f(x, y)| E Me for 0Zxr<a+ke, ly| <b, 


where, (2) being a power series, y is allowed to be complex. Thus | y | <b 
is a circle, and not an interval, in the second proviso of the first inequality 
in (9). 

Accordingly, by Cauchy’s estimate of the coefficients of the power series 
(2), Perron’s inequalities (7) are implied by (9). The converse inference 
is false, as seen by choosing f(s) independent of k in (2), that is, by 
choosing f(z, y) =fo(t)/(1—y) (if |y| <1). In other words, (9) is 
more general than (7). This, when combined with the fact that, as empha- 
sized in [8], Cauchy’s principle of majorants can never supply “best” 
w-ranges of validity (“ best” from the function-theoretical point of view; 
cf. [2]), makes one suspect that Perron’s estimate (6) for a valid expansion 
(5) can be improved to (8), that is, to the classical estimate (8) for a valid 
range of successive approximations. 


3. In what follows, this suspicion of a mischievous part played, by 
Cauchy’s majorants will be justified. In fact, it will be shown that if f(z, y) 
is continuous in (z, y), satisfies the first of the inequalities (9), and is regular 
in y, i. e., is of the form (2), whenever x and y satisfy the conditions specified 
in (9) (where y =re® with r= ]|y| <b, and not just —b<y < b, is 
meant), then Perron’s expansion (5) is convergent on the entire interval 
(8) and represents there the solution y(x) of (1). In addition, the conver- 
gence of (5) is absolute on (8). Incidentally, it will be clear from the proof 
that the convergence of (5) is uniform on (8) and that, at every point of 
(8), the derivative occurring in (1) can be obtained by term-by-term differ- 
entiation of (5). 


Proof. The occurrence of the « > 0 in (9) implies the existence of a 
positive number A which is somewhat greater than 1 and has the following 
property: If ¢ is any complex number contained in the circle 


(10) PER a>, 
then 
(11) | f(a, ty)| <M for OS a<a, jy| <b. 


Consider (3) for a fixed ¢. The sequence of the standard successive 
approximations belonging to (3) (for a fixed ¢) is assigned by 


æ 


(12) aig (2) —~ f f(u, tytma(u))du, where 4',(x) ==0. 


0 
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In view of (11), all the functions (12) are defined on the interval (8), and 
(13) | yta (a)| <b if OS eS min (a, b/M). 


Furthermore, since (2) and (11) assure the satisfaction of Lipschitz’s 
condition, 
(14) Y'm(@) — y (x) as m—>oo on the interval (8), 


where y*(x) denotes the solution of (8). 

On the other hand, since f(x, tz) results if y is replaced Le tz in the 
power series (2), it is readily seen from the recursion formula (12) that 
each of the functions yt,(æ), y*1(v),° - - is a power series in #, say 


(15) Yim(t) = S p",(æ)t", 
n= 
and that, corresponding to the induction leading from (11) and (12) to (13), 
each of the power series (15) is convergent on the circle (10) if x is on 
the interval (8). Hence, for fixed + on (8), the functions y',,(z) of t are 
regular on the circle (10). In addition, they are uniformly bounded there, 
by -(13), and converge there to y*(x), by (14). Consequently, if x is fixed 
on the interval (8), then, by the elements of the theory of complex functions, 
yt(æ) is a regular function of ¢ on the circle (10) and possesses, therefore, 
an expansion (4) convergent on (10). Hence, in order to conclude the 
validity (and the absolute convergence) of (5) at every point x of the interval 
(8), it is sufficient to note that, in view of the parenthetical inequality in 
(10), the value t = 1 is allowed in (4). 
It is clear from this proof that the method and the result can be 
generalized from (1) to the case of a system. | 
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ABSTRACT PROBABILITY SPACES AND A THEOREM OF 
KOLMOGOROEFF.* 1 


By I. E. Staar. 


1. Introduction. In the more recent mathematical work on prob- | 
ability the mathematical model for a probabilistic system that is customarily 
employed is a “ probability measure space.” This consists of a set M, a o-ring 
Mm of subsets of M which includes the set AM itself, and a countably additive 
non-negative measure m on Mm normalized by the requirement m(E) —1. 
In the present paper a somewhat different sort of model is presented which 
while equivalent to the standard one is more cogent for certain technical 
purposes, and seems to us to be more in agreement with the historical and 
conceptual development of probability theory. Among other technical advan- 
tages, the use of this model makes it possible to extend a well-known theorem 
of Kolmogoroff concerning the existence of random variables having pre- 
assigned joint distributions from the case of real-valued to that of general- 
valued random variables. 


2. Abstract random variables. Random variables are usually defined 
as measurable functions on probability spaces. This is a long way from either 
the practical statistical or intuitive conceptual formulation of the notion, 
especially as the probability spaces required for dealing with simple concrete 
situations may be mathematically relatively sophisticated. For example, in 
treating sequences of coin tosses one is interested to begin with in the pro- 
portion of heads in n throws, in elementary algebraic expressions formed from 
‘ such propositions, and in their expectations. At present however, in order 
to give a rigorous treatment of these simple matters, one is required to 
introduce the infinite direct product spaces in which each factor is a fixed 
two-point space, and to formulate the proportion of heads as a measurable 
function on this rather ungeometrical space, which must yet be endowed with 
the appropriate measure. A more direct approach to the matters of basic 
interest seems desirable, and if it is possible to avoid the explicit use of 
infinite product spaces, so much the better. 


* Received November 10, 1953; revised March 29, 1954, 
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Such an approach can be given by starting with axioms of simple con- 
crete significance for the random variables of interest and their expectations, 
rather than with relatively technical axioms concerning a measure on a space 
of “elementary events.” Instead of deriving the random variables from the 
space of events, one can go in the other direction, but actually for many 
purposes the space of events is not only not necessary and to some extent 
arbitrary but introduces tiresome mathematical complications concerning sets 
of measure zero. To arrive at an effective set of axioms, notice that in the 
coin-tossing example above, the random variables that one is primarily con- 
cerned with are products of proportions of heads in n throws (for various 
valués of 2), and linear combinations of these. From the conventional “ space 
- of events ” outlook, these are just the random variables that depend only on 
a finite number of throws. On this set # of random variables there is defined 
a key linear functional Ẹ, the “ expectation,” which is determined by linearity 
from the knowledge of the proportion of heads in n throws and its various 
moments. Now whenever all such moments are given, the linear set deter- 
mined by the corresponding set of random variables will be an algebra, as is 
in particular the case with œ. In the general case it is reasonable to start 
with some undefined “random variables,” all of whose moments (including 
joint moments) are given, and one is led immediately by forming linear 
combinations to an algebra with a distinguished linear functional. 

Now to be specific, we define a probability algebra (R, E) as an algebra 
R (commutative and over the real field) on which there is a distinguished 
linear function Æ, having the following readily interpretable properties : 


1) For any element a of R, H(a)? 20, and Z (a?) = 0 only if a — 0. 


2) For any element a of R, there is a constant x such that E (ab?) 
<= pE (b°) for all elements b of R. 


3) R has a unit e and E(e) — 1. 


The second axiom is the most restrictive, as it means implicitly that it is 
being required that the random variables in œ are bounded. This is actually, 
however, a light restriction, since in à real experiment one can measure only 
such random variables, and mathematically there is no difficulty in treating, 
as usual, the unbounded random variables in terms of the bounded ones. 

The elements of #2 are the basic random variables, there may of course 
be additional ones that can be obtained from the basic ones by a limiting 
process. Without going into detail at this point about the precise character 
of this limiting process, we mention that the term “ probability algebra ” is 
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justifiable along conventional lines by means of the result that the most 
general probability algebra is essentially an algebra of conventional random 
variables (i.e. measurable functions) on a probability space, and this space 
is essentially unique, if it be required that the random variables of the algebra 
determine the probability space (in e.g. the sense that the smallest o-ring 
with respect to which they are all measurable is the o-rmg of the space, 
modulo null sets). The limit random variables obtained from the original 
ones then correspond to the remaining random variables on the space. The 
next section is devoted to the elucidation and proof of the result just quoted. 


8.. Structure of probability algebras. The measure ring of a measure 
space is defined as the ring of all measurable sets, modulo the ideal of all 
null sets, and the measure of an element of the measure ring is thus uniquely 
defined if set equal to the measure of any measurable set that is a repre- 
sentative for it. By a random variable on a probability space we shall mean, 
to be perfectly explicit, an equivalence class of real-valued measurable func- 
tions on the space, two functions being defined as equivalent if they differ 
only on a null set. Any collection of random variables on a probability space 
generates a subring of the measure ring, in the following fashion: if ft is a 
random variable with representing measurable function f, the elements of the 
measure ring corresponding to sets of the form [#: f(x) =A], for arbitrary . 
real A (i.e. to their residue classes modulo theideal of all null sets) constitute 
a o-subring of the measure ring, which is a o-ring. The o-subring generated 
by all these subrings as ft varies over the collection is the subring of the 
measure ring determined by the collection. A collection of random variables 
is said simply to be determining if the subring determined by them is the 
entire measure ring. 


THEOREM 1. Any probability algebra is isomorphic to a determining set 
of bounded random variables on a probability space, the isomorphism pre- 
serving alegbraic operations and expectation. This space is unique, in the 
sense that for any two such spaces there exists a probability-preserving tso- 
morphism between thew measure rings which connects their tsomorphisms: 
with the probability algebra. | 


To prove the existence part of the theorem, it is convenient to introduce 
complex random variables, in order to make use of a known representation 
theorem dealing with the complex case. Let @ be the complexification of R, 
so that a general element of @ has the form + + tw, with v and y in &, and 
extend Æ to @ by defining E (s + ty) — E(x) + (y). It is easy to verify 
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that Ẹ as extended is complex linear. Now define an adjunction operation 
u—u* on @ as follows: (s -} iy)” ==s— iy. It is immediate that 
EH (u*) == [#(w)]* (where * represents complex.conjugation), E(u*u) = 0, 
and H(u*w) —0 only when u —0. Now introducing a function (u,v) on 
ordered pairs of elements in @ by defining (u, v) == #(v*u), it is clear that 
(u,v) is a positive definite inner product on @, with respect to which @ 
has a Hilbert space Y (say) as completion. The map u— u* clearly extends 
to a conjugation J on & and there is no difficulty in verifying that the system 
(#,J,@) is a Hilbert algebra in the sense of [4]. As it is also commu- 
tative, it follows from a well known representation theorem that there exists 
‘a measure space P — (M,%9n,m) such that the space L.(P) of square- 
integrable complex-valued functions is unitarily equivalent to & via a unitary 
transformation W from & onto La(P) which transforms J into complex 
conjugation and takes @ into an alegbra of bounded measurable functions on 
P that is dense in Lo.(P). (More precisely, we are dealing here with equiv- 
alence classes of measurable functions, but in the present proof it would 
seem somewhat circumlocutory to insist on the distinction.) 

‘As an algebraic isomorphism preserves units, the unity element of @ 
maps into the unity function on M, whose square-integrability implies that P 
is finite. More precisely, for any element u of @, E(u) = (u, e) = (Wu, We) 
and substituting u = e it results that | We |? = 1, i.e. the integral over M 
of the unity function is one, so that P is a probability space. Now the image 
of @ is dense in Z2:(®), and the desired result now follows from the fact 
that any dense subset of Z.(?) is determining. To see this, note that the 
functions in Z,(P}) that are measurable with respect to the ring of sets 
determined by a dense set D constitute a closed linear manifold in Z,(®), 
by the Riesz-Fischer theorem. This manifold is a proper submanifold if D 
is not determining, but it cannot be proper since it contains D, which is dense 
in De(P). 

To prove uniqueness, suppose that P’ = (1/’,9n’,m’) is a space with 
the same properties as P. Let D and D’ be the respective subsets of L.(P) 
and Z:(®’) which map onto @ via the respective isomorphisms W and W”. 
The WW’ is an algebraic isomorphism V of D onto D’. It suffices to show 
that V extends to a unitary map of La (P) onto £.(P’) that is multiplicative 
on bounded functions. For such a map takes idempotents into idempotents, 
and so will take a characteristic function C4 into a characteristic function C4. 
As the map is unitary, A and A’ will have the same probability, and the 
induced map À—> A’ is unique modulo null sets. It is thus a probability- 
preserving map of the measure ring of P into that of P’, and it follows from 
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the fact that V is an algebraic isomorphism on the bounded functions that 
this induced map is a ring isomorphism of the measure ring of ® onto that 
of P’. Itis well known that such a map has a unique extension to an algebraic 
isomorphism of the random variables on ? onto the random variables on P”. 
' Now to show that V has an extension of the sort indicated, note first 
that it has a unique unitary extension V, from L,(®) onto L.(P’), as it is 
isometric and maps a dense subset of L2(P) onto a dense subset of Z,(®”). 
Next, if f is a bounded function on ® and g isin @, then V.(fg) = V:(f)V:{g). 
For let {fn} be a sequence of elements of @ which converges in Z,(®P) to f. 
Then as g is bounded, {fag} converges to fg in L.(P), so that Vi(fng) con- 
verges to Vi(fg) in La(P’). On the other hand, Vi(fng) = Vi(fn) Vi(g); 
and as Vi(g) is bounded and {V,(f,)} converges to Vi(f) in L.(P’), it 
results that Vi(fag) converges to Vi(f)Vi(g). The stated equality now 
follows directly. Now the set of all elements g of L.(P?) for which 
V,(fg}) = V:(f) Vi(g) for every bounded function f on P is a closed subset 
of L2(P), since either side of this equality is a continuous function of g. 
As it includes the dense subset @, it must be all of Z.(®). 


Remark 1. It was noted above that a dense subset of L,(®) is deter- 
mining. Conversely, a determining subset of L.(P) is dense, if it is an 
algebra of bounded functions? To establish this measure-theoretic analog to 
the Stone Weierstrass theorem, let S denote the collection of all finite unions 
of sets of the form [æ:f,(x) e A; (¢==1,2,: -,n)], where A; is an interval 
(of any type) and the f; are elements of D. It is clear that 3 is closed 
under unions, and it is closed under differences, since 


N [w: f(x) © 4] — N (x: g(r) £B; 
+ pi 
= (fr: fi(e) e Ai] N [z: g; (£) € By], 
ts} 
and the complement of B; is the union of at most two intervals. Thus 3 is 


*This result is stated by Kakutani in Proceedings of the National Academy of 
Sciences, vol. 36 (1950), p. 320, without the restriction to bounded functions. That it 
is invalid in this generality can be deduced from the non-uniqueness of the Stieltjes 
moment problem in general. The latter implies the existence of a function F of bounded 


Les) 
variation on (0,0) such that f A"dF(A) =0 (n—1,2,...), whilé dF(A) #0. 
u 0 
Putting G{u) = f | dF(\)], the algebra of polynomials on (0,0) vanishing at 0 
0 
determines the ring of Borel sets on (0,©) but cannot be dense in the space of func- 


tions square-integrable with respect to the measure determined by G, as every element 
is orthogonal to dF/dG. 
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a Boolean ring. It is clear that the o-ring @ generated by © is the same as 
the o-ring determined by D. Now if À is a finite interval, the characteristic 
function of A is a uniformly bounded limit of polynomials, which implies. 
that the characteristic function of [w:f(v) eA] is a uniformly bounded 
limit of a sequence of elements of D, if f isin D. 

Now if g is an element of Z,(®) that is orthogonal to all the elements 
of D, it is orthogonal to all uniformly bounded limits of sequences of 


elements of D, and so in particular, f g=0, if Q—[r:fi(x) €A 
Q 


(i—1,2,: - - ,n)], where the f; are in D and the À; are bounded intervals. 
By the countable additivity of the indefinite integral, the same holds when the 


A, are not necessarily bounded. It follows that f g = 0 for all elements 
8 


S of ó. As the collection of all measurable sets S such that f g—0 is 
8 


closed under unions of monotone sequences and contains the ring 3, it 
follows that this collection includes the o-ring generated by 3. Now every 
measurable set is equivalent to some element of %, since D is determining, 


so that ( g = 0 for every measurable set 8. This means that g == 0, i.e. 


Js 
D must be dense. 

In a similar fashion it can be shown that a determining algebra of 
bounded measurable function on P ts dense in the algebra of all bounded 
measurable functions of P, in the topology on this algebra induced from the 
weak topology on the dual of the Banach space L (P), by the identification 
of a linear functional with the bounded measurable function that is its kernel 
in the Riesz representation for the functional. 


Remark 2. An isomorphism of the type involved in the uniqueness 
part of Theorem 1 automatically has further properties. justifying the 
identification of the two spaces from a probability viewpoint. It can be 
uniquely extended to an algebraic isomorphism between the random variables 
on the respective spaces, that preserves order (non-negatively) and expec- 
tation (i.e. maps a random variable of finite expectation into a random 
variable of the same finite expectation). 


4, Existence of random variables with preassigned distributions. A 
well known theorem of Kolmogoroff asserts that there exist real-valued random 
variables having any preassigned joint distributions satisfying the obviously 
necessary consistency conditions. The proof of the theorem does not extend 
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to the case of general-valued random variables, the basic difficulty being that 
a measure that is countably additive on each of a monotone increasing 
sequence of o-rings of subsets of a set need not be countably additive on 
their union. This difficulty essentially disappears when the theorem is 
approached from the standpoint of probability algebras. This is because the 
trouble in the conventional proof arises, roughly speaking, from trying to 
hang the random variables on the wrong space, while the use of probability 
algebras leaves the choice of the space of events quite arbitrary, within wide 
limits. 

In order to deal effectively with general-valued random variables, a 
modification of the usual notion must be introduced. ‘The basic conceptual 
concern in statistics is not so much with the values of the measurable function 
f representing a random variable at points of the space M of events as with 
the sets in M where f takes on certain values (and with the probabilities of 
those sets). That is, the inverse map / — f-: from (Borel) sets on the reals 
to subsets of M ts more central from some viewpoints associated with the 
origin of the theory. Taking the values of F modulo null sets, one obtains 
a Boolean o-homcmorphism Ft from the Borel subsets of the reals to the 
measure ring of F, which determines uniquely the random variable ft repre- 
sented by f, and avery such o-homomorphism preserving the Boolean units 
arises in this way. Thus ft and Ft are mathematically equivalent notions, 
and there are some mathematical as well as conceptual advantages in using 
Ft, particularly in the case of general-valued random variables. Accordingly 
we take 


Definition. A generalized random variable X on a probability space P 
is a Boolean-c-homomorphism from a Boolean o-ring B with unit to the 
measure ring of P, which preserves the Boolean units. If @ consists of 
subsets of a set B, then X is called B-valued, and in any case is said to be 
defined relative to B. 


The usual nction of joint probability distribution of a set of random 
variables extends to generalized random variables as follows. For generalized 
random variables X; defined relative to 8B; (i—1,2,: : -,n), the joint 
probability that X; has its value in b; (t= 1,2,: +, n; bie B;) is defined 
as the probability of the element a X;(b:) of the measure ring of the 

i=1 
probability space. This probability, as a function of bı, b.,- > +, ba, is the 
joint distribution OL Ay Mos Ky. 


Kolmogoroff’s theorem may now be extended as follows. 
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THEOREM 2. Let By be a Boolean o-ring with unit un, where À range: 
over an index set A. For each finite subset M, Mo, + +, An of A let there be 


n 
given a function Mya- àn On the (set-theoretic) direct product [J By, to 
kal 


the interval [0,1]. In order that there exist a probability space P and 
generalized random variables Xy on P defined relative to By (Xe A) such 
that the joint distribution of any finite set of the Xo Æw’ Xan be 
Mania- An VE 18 necessary and sufficient that: 


1) Mra (Mas Wray > Wy) == 1. 
2) af the elements by, of By, (j—1,2,: : ,n) are fixed for 7k, 
then mana. x (Orr Oro’ °°, On,) ts countably additive as a function of bye 


3) tf by, = uy for 7 > k, then 
Min snes ig (Orgy a SX) Se Mg nase (0 Dire, UR) 


The necessity of these conditions is obvious, as in the case of real-valued 
random variables. In proving the sufficiency we use 


LEMMA 2.1. The simple functions modulo null functions on a finitely- 
additive finite normalized measure space constitute a probability algebra. 


The distinguished linear functional of the -probability algebra in the 
lemma is understood to be the integral. If Q=—(G,%,g) is a finitely- 
additive finite normalized measure space—i.e. g is a finitely-additive non- 
negative measure on the Boolean ring § of subsets of G, where G is in $ 
and g(G) —1—a simple function is a finite linear combination of charac- 
teristic functions of sets in &. Such a function is a null function if it 
vanishes except on a set on which g vanishes. The simple functions constitute 
a ring in which the null functions are an ideal, and the quotient algebra @ 
is the algebra of the probability algebra whose existence is asserted by the 
Jemma. 

Tf the simple function f has the form f= > aca, With A; in #, the 


integral E(f) is defined as > ag(A;), and iae is no diffculty in verifying 


that Fo is linear on the Pape functions, that #,(f*?) = 0 while #,(f?) — 0 
only if f is a null function, and that Eo (Fh) = Eo (f?) for arbitrary simple 
f and fixed simple h, » being a constant depending on h. If f? denotes the 
equivalence class represented by f, and if # is defined on @ by setting 
E (ft) = E(f), it follows that # is uniquely defined and that (Q, Ẹ) is a 
probability algebra. 
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Proof of Theorem 2. It is well known that a Boolean o-ring By is 
isomorphic to a o-ring @) of subsets of a'set By, modulo a o-ideal Dy in it, 
where B, is a representative for the unit of @ x/Dx It is therefore no loss 
of generality to assume that Ba = € aD Now set B =I] Ba, and let R 


be the ring of all finite unions of “ cylinder sets,” i.e. sets of the form JI A), 


AeA 
where Ae @) for all À and A, == By, except for finitely many A. Define a 
functional m on cylinder sets by setting 


m( TI Aa) = mgran lAo An: An) 
£ 


where {A,,As,' **,An} are the indices for which A,B), and setting 
m(B) = 1 to cover the case where there are no such indices. Then m has a 
unique finitely additive extension to the ring 0, as is well known. Applying 
the preceding lemma and Theorem 1, it results that there exists a probability 
space P and a determining algebra Q’ of random variables on ® that is 
isomorphic (both as regards algebraic operations and the respective distin- 
guished linear functionals) to the algebra of simple functions modulo null 
functions on (B, œ, m). 

For each fixed p in the index set A, a generalized random variable X,, 
on P and relative to @,, may now be defined as follows. Let a, be an 
element of @,, let A, be a representing subset of B, for a,, put fa for the 
equivalence class of the characteristic function of A’, = IT Cy, where Cy = By 
for A p and C,—'‘A,, and let f’, denote the image in Q’ of f, under the 
isomorphism just described. As f, is idempotent, so also is f’, which implies 
that there exists a unique element a’, of the measure ring of P such that f'a 
is the equivalence class of the characteristic function of any representing set 
for a’, The map a,— da’, is designated as X,. From the fact that the 
preceding isomorphism is in particular an isomorphism when restricted to 
characteristic functions modulo null functions, it follows directly that X, 
is a Boolean homomorphism of B, into the measure ring of P. It is clear . 
that it preserves the Boolean units involved. To show that it is actually a 
a-homomorphism, let a,,a,@,- : - be a sequence of disjoint elements of 


8, of union a. Then a, = U dy,, so that Xy (ag) = Y Xp (au, since Xp 
is a homomorphism, and ue n become infinite, it fonts that X, (a,) 
= Ú Xala ®). Now if two comparable elements.of the measure ring of P 
have the same measure, they must be equal, so it suffices now to show that 


mM (Xp (au)) =m ( U Xy(au)), where m denotes the measure function on 
=i . 


730 I. E. SEGAL. 


the measure ring of ®. By construction, m’(X,(a,)) — m,z(an), while 
m ( (J Xe) =S m (Xq(ay®)) (for m is countably additive and the 
i=1 41 


X,(a,®) are mutually disjoint, X, being a homomorphism) = X m,(a,”) 
== My (ar) by the countable additivity of My i=l 
It remains only to show that 


78 
m ( N) Xn, (an) ) = Mahe An (Bras Bros” * 7 5 Ba) 
j=1 


for arbitrary ax,, 4° °°, a, in Bay Baa’ t +, By, respectively. Using again 
the fact that the isomorphism involved above is in particular a ring iso- 
morphism on the equivalence classes of the characteristic functions, and the 
definition of the be the equivalence class of the characteristic function of 


ñ Xy; (aa) corresponds to the equivalence class of the characteristic func- 
jou 


tions of a A’,,. As the isomorphism preserves the respective distinguished 
j=1 


linear functionals, 


4 2 
m’ ( i Xyu (a;)) =m( N Ay) = Minde An (Os Bop? © * > En) 
Jal j= 


5. Weak distributions on linear spaces. In the case of linear-space 
valued random variables a special approach may be appropriate. In certain 
situations, the relevant object is not actually a probability distribution on the 
linear space, but a kind of weak distribution. For example, it is well known 
that there exist no probability distributions on Hilbert space having incisive 
invariance and smoothness properties. Nevertheless there exists a weak dis- 
tribution on Hilbert space which is significant for applications to quantum 
field theory and to the theory of Brownian motion. 


Definition. A weak distribution on a topological linear space B is a 
linear map u*— F(u*) from the space B* of continuous linear functionals 
on B to the random variables on a probability space. 


In case B is finite-dimensional, there is clearly a unique distribution of 
the conventional type on B, such that the identity map on B* coincides with 
the given weak distribution, but in the infinite-dimensional case this need 
not be the case. In the case of a (real) Hulbert space Y, there is an essen- 
tially unique weak distribution on Æ such that (identifying 9¢* with & in 
the usual way) (x) is normally distributed with norm zero and variance 
lel while F(x),:::,Æ(z) are independently distributed whenever 
Tı’ ` `, are mutually orthogonal. When & is finite-dimensional, this is 
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essentially (i.e. via the correspondence between weak and ordinary distribu- 
tions just mentioned) the normal multivariate distribution in the standard 
form, while for infinite-dimensional 9% it constitutes a proper generalization 
of the normal distribution. ` 

The question of the existence of weak distributions with preassigned 
joint distribution for F(u.*),: © >, F(un*), U1”, + +, Un” being an arbitrary 
finite set of elements in B*, can be resolved by the use of the original theorem 
of Kolmogoroff : it is necessary and sufficient for such existence that the usual 
consistency conditions hold, and moreover that if w* == au* + Bv*, then the 
prescribed joint distribution of F(u*®), F(v*) and F(u*) is such that 
F(w*) = aF(u*) + BF(v*). To derive the existence of the normal weak 
distribution on Hilbert space described above, the joint distribution of 
F(u), > +, F(u) is prescribed as normal, with norm zero, and with co- 
variance matrix || (w;, w;) ||. The validity of the general consistency conditions 
follows at once from well known properties of the normal distribution, as 
does also the special condition for linearity. 


6. Concluding discussion. The present somewhat abstract point of 
view regarding variables has further theoretical advantages, in such areas as 
measurability problems in the theory of continuous stochastic processes, and 
in reformulating the theory in such a way that it can be extended to the 
non-commutative case. 

In these measurability problems the key difficulty is that of obtaining a 
unique and measurable least upper bound for a non-denumerable collection 
of random variables. If the random variables are formulated as measurable 
functions, the pointwise least upper bound will in general not be measurable, 
and in any case will depend upon the specific representations for the random 
variables that are selected. On the other hand, due to the completeness of 
abstract random variables as a partially ordered set, the least upper bound of 
an arbitrary collection of abstract random variables always exists uniquely 
as an abstract random variable. This approach has been applied by Nelson 
[3] to give a more intrinsic approach to such questions as the continuity of 
sample functions. A similar method could be used to treat generalizations 
of such questions as continuity of the sample functions in the case of 
generalized random variables, although in this case there is no analog for 
the sample functions; this is possible because there are analogs for the statis- 
tically significant aspects of the sample functions. 

The non-commutative theory essentially arises if the assumption of 
commutativity is omitted in the axioms for a probability algebra, and if 
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corresponding assumptions made in the assumptions on the distinguished 
linear functional. This transition from a commutative algebra to a non- 
commutative one is precisely the transition from a conventional probability 
space to a quantum-mechanical system in a definite state. In the one case 
it develops that the elements of the algebra can be represented by measurable 
functions on a measure space, while in the other it develops that they can be 
represented by operators on a Hilbert space. It is convenient in the non- 
commutative case to deal with a complex algebra admitting an adjunction 
operation *, although the conceptual loss thereby is to a considerable extent 
avoidable. In this case it is appropriate to assume, as is the case in the 
conventional scheme of quantum mechanics, that the distinguished linear 
functional Æ has the properties: H(aa*) 20, E(b*ab) <= paf (b*b), and 
FE(e)=1. The basic notions of probability theory, including conditional 
expectation can be extended to such a system, which always admits a repre- 
sentation in which the elements of the algebra are operators on a Hilbert 
space and Æ has the form H(A) = (Ay, y) for a fixed unit vector y. The 
theory remains fairly rudimentary, however, unless it is assumed further that 
E(ab) = E (ba), in which case most probabilistic concepts and many results 
can, with appropriate reformulation be extended. Among the interesting 
examples of such systems are the approximately finite factors of Murray and 
von Neumann; these are essentially direct limits of matrix algebras, the dis- 
tinguished linear functional being the corresponding limit of the traces on 
the matrix algebra, after normalization so that the unit matrix has unit trace. 
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THEORY OF POSITIVE LINEAR DEPENDENCE.* 


By CHANDLER Davis. 


1. Introduction. In problems involving real linear spaces, the concept 
of a positive linear combination of a set of vectors has acquired an impor- 
tance almost comparable to that of an (unrestricted) linear combination. 
As examples, one notes the usefulness of the Krein-Milman-Smulyan theorem 
in functional analysis; and the recent theories of games and linear pro- 
gramming, Accordingly, it seems desirable to develop an analague to the 
standard theory of linear subspaces and linearly independent sets of vectors. 
The present paper is an attempt in this direction. 

A central concern, accordingly, will be the geometry of frames of solid 
cones* in finite-dimensional Euclidean space (they being the analogues of 
bases in the standard theory). This is a problem of wider interest than 
might appear in connection with frames of arbitrary convex polyhedral cones. 
Indeed, it is known (and easy to show) that a frame of any such cone 
consists of a frame of its lineality space (therefore, a frame of a solid cone 
of lower dimension), together with a set of vectors arbitrary except for the 
requirement that it map onto a frame of the cone’s image when the space is 
reduced modulo the lineality space. Therefore, there are really only the two 
extreme cases to study: frames of pointed cones, and frames of solid cones. — 
The first, problem reduces in turn to the study of arbitrary convex polyhedra ; 
the second is attacked here. 

After certain necessary preliminaries (§ 2) I continue in § 3 with those 
parts of the theory which can be easily developed in rough analogy with classical 
methods in the standard (unrestricted-linear) theory. These results are all 
essentially known; many of them appear in [7]. The structure of bases in 
_the present case turns out to be quite complicated, but by means of an auxiliary 
construction (§ 5) they are classified. Some numerical examples are collected 
in § 7. 


* Received May 18, 1953; revised January 4, 1954. 

t Terminology in this paragraph follows [6]. “Frame” is defined in §2. The © 
lineality space of a cone is the maximal] linear subspace it.contains; the lineality space 
_is zero for a pointed cone, while for a solid cone it is the whole space. 
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2. Preliminaries. The space studied is real linear space of n dimen- 
sions, which will be thought of as Euclidean space Æ”. Its elements will be 
denoted by lower-case letters; real numbers by lower-case Greek letters. The 
inner product of a and b will be written a-b. 

A positive combination of a, :°,a, is a linear combination àit + : : ° 
+ Aar with À = 0; if all A; > 0 and all q s£ 0, we speak of a strictly positive 
combination. An equation giving 0 as a positive combination of certain 
elements is a positive relation between those elements; strictly positive relations 
are defined similarly. 

A convex polyhedral cone, or simply a conver cone, is the set of -all 
positive. combinations of a finite set of vectors, not all zero. This set of vectors 
will be said to positively span the convex cone; or simply to span it. (No 
confusion will arise with the notion “linearly span.”) 

A set of vectors {a> --,a,-} is positively dependent if one of the a; is 
a positive combination of the others (hence, in particular, if any a; is zero). 
Otherwise the set is positively independent. 

{ai °°, a} is a frame of a cone C provided it is positively independent 
. and.spans C. If Ọ is the whole space, or a linear subspace, any frame of C 
will be called a positive basis, or simply a basis. 

Other non-standard terminology will be explained as it is introduced. 

In selecting, from a set {a;,- + - ,a,}, an a; having a specified property, 
I will sometimes assume without apology (or loss of generality) that the one 
selected is &. (See for example Theorem 3. 7.) 


3. some simple theorems. 


THEOREM 3.1. {a1,° ++, ar} spans H” if and only tf, for every non-zero 
b, there exists an à —1,: - : ,r such that b'a > 0. 


Proof. “Only if”: Any b may be expressed as 6 == A,a, +- - - + Alr 
with 4,20. Now 0 < b-b— Aa, b +: +4 Adar: b, so some term in the 
sum must be positive. 

“Tf”: Assume the convex cone A spanned by {a,,: : ‘,a,} is not B”. 
Then (see [6] or [4]), there is some hyperplane such that A lies entirely 
on one side of it; that is, there is some 6 +4 0 such that ae A implies b-a = 0. 


_ THEoREM 3.2. The set {a` > * ,a,} ts posttwely independent if and 
only if no proper subset spans the same conves cone. 


The proof is trivial and may be omitted. 


+ 
x 
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THEOREM 3.3. a, ts a positive combination of {az - `, ar} of and only 
af, for all b such that b a, > 0, there is an i—2?,: - - ,r such that b'a; > 0. 
{a © e, ar} is positively independent if and only if, for every i—1,: " -,7, 
there is some b such that b: a; > 0, but, for 7341, b-a;S0. 

Using the Minkowski-Weyl Theorem ([6], Theorem 11), it is not hard 
to reduce this to Theorem 3. 2. 


THEOREM 3.4. Any subset of a positively independent set of vectors is 
positively independent. 


THEOREM 3.5. Any set having a subset which spans E”, itself spans En. 


These are obvious. 


THEOREM 8.6. Let {a:,:::,a,} with a: Æ 0, linearly span E”. Then 
the following are equivalent: 
(i) {a1,° © <, ar} positively spans E”; 
(ii) for every 1==1,- " ",7, — a is in the convex cone spanned by 
the remaining az; 
(iii) there is some strictly positive relation (see §2) between the aj, 


oe eee a 


Proof. Assume (i). Certainly — a, is expressible as — a; = Aid, + Ache 
+--+ e Aran with MZ 0; if this equation is solved for a, and the sign 
changed, it will be seen that — a, is given as a positive combination of 
Ge," © *,@n (ii) is proved. | 

Assume (ii). It tells us there are relations 


(1 ++ Aar) ai + Arete +--+ + Mr = O, 
Nord + (1 + rvs) Ge +: > + Aga, = 0, 
Arili + Aralo + + (1+ Ar) dr = 0, 
with À, = 0. Adding these equations gives the required expression 
(1) tals E> + + pty = 0, ono: 


and (iii) is proved. 

Finally, assume (iii), and let b be an arbitrary vector of Ẹ”. Since. 
{d1,° * ', dr} linearly.spans E” (this hypothesis enters here for the first time), 
there is some relation 44, +: * -+v,a, =b. By adding to this equation 
a sufficiently high positive multiple of (1), we get an, expression of b as a 
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positive combination of {a,,---+,a,}. (i) is established and the proof is 
complete. i 
THEOREM 3.7. If {ar : -,a,} positively spans E”, then {de,- - -, ar} 


linearly spans HE”. 


Proof omitted. 

In the remainder of this paper, {a:,- - -,a@,-} will always be assumed to 
be a basis; when other sets of vectors are discussed different symbols will be 
chosen. 

It is clear that the standard theorem that any two linear bases of £” 
are affine equivalent has no analogue for positive bases. Thus in #? there 
are four essentially different types of positive basis, represented in Examples 
I-IV. (It is not true, of course, that any positive basis of Æ? is affine 
equivalent to one of Examples I-IV. These four examples are essentially 
given in [8[.) These bases do not agree even in the number of vectors, which 
ranges from 4 to 6. Also, it is evidently not true that any subset of a positive 
basis is a positive basis of the smallest linear subspace containing it. The 
situation will become more complicated than in the case of linear dependence. 

However, one sees immediately the following 


THEOREM 3.8. r= n+ 1, and r=—n-+1 is possible. 


Proof. If r&n, then either {a:,- - - , a} fails to span E” linearly, or 
it is exactly a linear basis of E”. In either case it fails to span Æ” positively. 
On the other hand, for any 2 one can choose {a@:,° * -,@,} a linear basis and 
Ani = — Ardy —* ` *—AnGn, À > 0, making {a1,- ` *, Gus} à positive basis. 

A basis for which r = n + 1 will be called minimal. By Theorems 3.4 
and 3.7, every minimal basis is of the type just constructed. 


4, Spanned subspaces. Let us therefore investigate non-minimal bases, 


THEOREM 4.1. The following are equivalent: 


Gh gmap i; 
(ii) some proper subset of {a1,° - +, ar} is linearly dependent; 
(iii) some proper subset of {a:,: - +,@,} ts a positive basis of a linear 


subspace (which by Theorem 3.2 must be proper) of E”. 


Furthermore, the subset in (111) may be chosen to include any preassigned 
ai, and the basis may be required to be minimal. 


‘Proof. (iii) immediately implies (ii); and one concludes easily from 
Theorem 3.7 that (it) implies (i). 
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Assume r > n—<+1. The vectors @,: * *,@r are more than n in number, 
so there is some non-trivial linear relation between them. By adding the 
proper multiple of this equation to the equation (1) which must hold, one 
can certainly arrange to obtain pia, + +--+ pa, = 0, with py’ = pu, pi = 0, 
but some př zero, SAY pps = ppe =" pu — 0. 

{a, © `°, ap} linearly spans some subspace S of Æ*. The relation 
pa’ Oy +" e + up üp pi’ > 0, means (Theorem 8.6) that {a1,°  *,&p} posi- 
tively spans S. S is not E”, by Theorem 3.2. Also (Theorem 3. 4) 
{a1,° * *,@p} is positively independent. 

The basis of (iii) has been chosen so as to include a. It remains to 
show it may be replaced by a minimal basis. But this is simply a matter of 
applying what is already proved to S. If {a:,- - +,a} is not minimal, that 
is if the dimension of 8 is less than p—1, then some proper subset of 
{a:,° * *, Qp} is a positive basis of a proper subspace of 9; and so on. This 
process must end, since it decreases the dimension each time; when it ends, 
the minimal basis has been reached. 

A subspace S such that those a; in § are a basis for S will be called a 
spanned subspace; if the basis is minimal, a minimal subspace. 


THEOREM 4.2. Any spanned subspace is a linear sum of minimal sub- 
spaces, and conversely. 


Proof omitted. 


In some ways the spanned subspaces are analogous to the coordinate 
subspaces determined by an arbitrary linear basis. 


THEOREM 4.3. For the spanned subspace S spanned by {a1,- : `, dp} the 
following are equivalent: 


(i) S ts minimal; 


(ii) the positive relation satisfied by a, ` `, a, is unique (up to multi- 
plication by a positive constant). 


Proof. For any such § there is a strictly positive relation between ai, 
‘+54, by Theorem 3.6. If S is not minimal it has a proper spanned 
subspace 8’, spanned, say, by {a1,- + -, ag}, q < p; the strictly positive relation 
between @:,° - -,@q is a positive relation between 4,,: : :,a. which is not 
strictly positive. Hence (ii) implies (i). 
On the other hand, if (ii) fails then the dimension of S is less than 
p— 1, so, by Theorem 4.1, (i) fails. 


THEOREM 4.4. Every linear relation between an’ `, a, is implied by 


\ 
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the collection of strictly positive relations associated with the minimal sub- 
spaces according to Theorem 3.6 (iii). 


It is convenient to delay the proof to § 5. -° 


5. The convex cone associated with a basis. Instead of simply listing 
the members of the basis {a:,---,4@,-}, one can describe it in another way. 
Consider Euclidean space #* with a distinguished coordinate system, the unit 
coordinate vectors being u’ ``, Un and let A be the linear transformation 
determined by the conditions Au; = a,t1—=1,---,7r (cf. [5]). The elements 
of the null-space N(A) of A correspond one-one to the linear relations 
holding between the a;; and, since such relations determine the a; to within 
affine isomorphisms in Æ*, the geometrical properties of the basis can be 
described in terms of those of V(A). 

In particular, the positive relations between the a; correspond to the 
elements of N(A) N Pr. Here Pr is the positive orthant of Æ”, that is, the 
set of all elements of Ær without negative components. 

The facets of the convex cone N(A) N Pr are intersections of N(4) 
with the facets of the convex cone Pr. (A g-1-dimensional facet of a g-dimen- 
sional cone is a maximal g-1-dimensional cone contained in its boundary; 
facets of lower dimension are defined by induction [6].) This follows from 
a general theorem, whose proof will only be sketched since it falls logically 
within the province of [6]. 


THEOREM 5.1. Let C be a convex cone, S a linear subspace. Then the 
convex cones SO F, with F a facet of C, are all the facets of SNC. 


Proof Sketch. Every S N F is proved to be a facet by Theorem 30 of 
[6]. Next any ze 8 C is shown to lie in the relative interior of some SM F, 
and application of Theorem 35 of [6] completes the proof. 

Now each facet Q of Pr is determined by the set of the u; which it 
contains; in fact it is the set of all positive combinations of those tiu. 
N(A)@ is a facet of N(A) N Pr if and only if some element of the 
relative interior of Q is in N (A); that is, if and only if some strictly positive 
combination of the wu; in Q is mapped to 0 by A; that is, if and only if there 
is some strictly positive relation between the Au; for which w;e Q ; that is, 
if and only if those Au; — a; for which «u;e Q span a spanned subspace. 


THEOREM 5.2. The lattice of spanned subspaces (for the basis given by 
A: Hr —> E!) is isomorphic to the lattice of facets of N(A) N P” under the 
natural correspondence just exhibited. 
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This has essentially been proved. That the spanned subspaces form a 
lattice when ordered by inclusion follows from Theorem 4.2. The facets of 
a cone are of course to be given their natural order in terms of incidence. 
. Remaining details are left to the reader. Note that the lattice of spanned 
subspaces, though it is join-closed as a sub-partly-ordered set [1] of the lattice 
of all linear subspaces of E”, has a different meet operation; that is, that the 
intersection of two spanned subspaces even when non-zero is not necessarily 
the largest spanned subspace contained in both. For a counterexample we 
clearly must find a case where it is not a spanned subspace at all. But in 
Example V the spanned subspace spanned by a, * ‘,a, and that spanned 
by ds,* - *,@ have a 1-dimensional intersection which does not even contain 
any a; (Cf. Theorem 6.6 (iii) below.) The source of such cases is seen 
easily from the lattice-isomorphism: facets of Pr such that N(A) intersects 
the relative interior of each, but not that of their intersection. | o 

Notice that extreme rays of N(A) N Pr correspond one-one to minimal 
subspaces under the correspondence of the last theorem. They are thé 
“points ” (minimal non-null elements) of the respective lattices. | 


Note too that if Q corresponds to S then the elements of Q give all the 
positive relations involving only those a; lying in S. 


Proof of Theorem 4.4. Let £,’ - - ,æ, be non-zero vectors lying one in 
each extreme ray of N(A)M Pr. The conclusion of the theotem is equi- 
valent to the statement that the linear combinations of zı,- © «25 are all of 
N(A). But their positive combinations are N(A) N Pr. Therefore it will 
suffice to show that an arbitrary ye N(A) is a difference of elements of 
N(A) N Pr. Only the case y # PT needs discussion. 


By Theorem 3.6, some element zı of N(A) lies in the relative interior 
of Pr. On the line joining y to zı namely {Ay + (1—A)a3 OSA 1}, 
there is some value Ay > 0 giving a point z€ P", otherwise z, would be on 
the boundary: Zə = àoy + (1— ìào)zı- The equation can be solved for y. 
proving the theorem. 

Theorem 5.2 showed that the “essential features” of the basis in the 
original space (more precisely, the incidence relations of the spanned sub-. 
spaces and the membership of a; in them) are given in a simple way by looking 
at N(4) N Pr, (Note that the intrinsic geometry .of this cone does not 
suffice, but the way in which it is obtained as an intersection of a linear 
subspace with Pr is needed; but see 86.) The proof just finished shows that 
all affine properties of the basis are so given. Further examination of 
N(A) N P" is suggested. Write hereafter N,(4) = N(A) N Pr. 
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Let 2,° **,£ be as in the proof of Theorem 4.4, and let X be the 
matrix whose elements are given by Xy—#-u; That is, X maps the unit 
vectors of Euclidean space of s dimensions onto the z; which give a frame of 
N,(A). Let a real matrix whose columns, considered as vectors, span the 
intersection of the positive orthant with a linear subspace, be called a 
+-matriz. It is proved in [3] that the transpose of a --matrix is again a 
-+--matrix, and the cones spanned by the columns of these +-matrices are 
intrinsically dual to each other. Let a +-matrix whose columns are posi- 
tively independent, and whose rows are positively independent, be called a 
+-canonical matrix. In the present case, X is a -+--matrix whose columns 
are positively independent. Hence it may be written (perhaps after changing 


the order of the rows) as G) , where X, is +-canonical and the rows of X: 
2 


i 


-are positive combinations of those of X,. Also, the cone associated with X, 
is intrinsically affine-isomorphic to that associated with X (namely N,(A)), 
since each is dual to that associated with the transpose of X.. 

The principal task of this section is to give an independent characteriza- 
tion of those X which can occur.? The question is slightly reformulated, and 
the answer stated, in 


THEOREM 5.3. All positive bases of Euclidean spaces are obtained in 
the following way: Take Y any +-canonical matriz, Z any matrix whose rows 
are non-zero positive combinations of those of Y. Let 


Use each column of X as the set of coefficients in a homogeneous linear relation 
Xabi +: -+ X,b,—0. If b1,- + +, br solve these relations and no further 
independent homogeneous linear relations, then {b1,- > -,b,} is a positive 
basis of the space tt linearly spans. 


Proof. There are two parts. 
The proof that no bases are omitted has almost been completed already. 
With X, and X, as above, it must be shown, first that no row of X, is zero, 


2 They will be characterized only up to the following inessential changes: Any 
number of interchanges of columns, or multiplications of columns by a positive constant 
(this changes merely the ordering or the lengths of the a, in P", therefore leaves 
+ +,@, unaltered). Any number of interchanges of rows, or multiplications of a 
row by a positive constant (this changes the picture in Æ”, but since it corresponds 
merely to changing the order or the lengths of the a; it is not interesting either). 
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second that every row of X, is repeated among those of X>. Ifa row of X 
were zero, some % would be orthogonal to-all s; therefore to N(A) ; but this 
contradicts the existence, proved above, of an element of N (A) in the interior 
of Pr. If on the other hand, some row of Xi, say the first, is not repeated, 
then it is not a positive combination of the remaining:rows ([6], Theorem 9). 
Using the first statement of Theorem 3.3, one shows that there is some set 
of s numbers A,,° > +, À, such that, if each equation Xat +` - +--+ Xirār = 0 
is multiplied by the appropriate À, and the results added, an equation is 
obtained in which only the coefficient of a, is positive. This means that a, 
is a positive combination of the other a; contradicting the positive indepen- 
dence of {a,,- + -,a,}. This finishes half of the theorem. The proof of the 
other half follows. 

Since every row of X is a positive combination of the remaining ones, 
there is no set of numbers Àn’ : -,As as above. (Use Theorem 3.8 again.) 
Therefore the relations imposed on b:,-: -,b, do not imply any positive 
. dependence; therefore there is none, by hypothesis. It remains to show that 
{b:,° - +, br} positively spans the space which it linearly spans. By Theorem 
3. 6, it is enough to produce a strictly positive relation between the b; This 
can be done by adding up the positive relations imposed on them. This 
completes the proof. 

The notation of this theorem will be followed in the succeeding section. 


6. Further details. The matrix Y alone determines some of the features 
of the basis: Since it determines the intrinsic geometry of N,(A), it determines 
the incidence relations of the spanned subspaces, by Theorem 5.2. Once Y 
has been fixed, adjoining of a new row to Z has the effect of increasing by 
one the dimension of E” and the number of basis elements. This observation 
can be sharpened to the following. 


THEOREM 6.1. Let B be the projection of E” on the orthogonal comple- 
ment of a. If {Bay,: ++, Barı} is a basis of BE”, then the matrix X 
associated with it by Theorem 5.3 is obtained from that associated with 
{a,° © <ar} by omitting the r-th row. 


B will be said to have eliminated a, in this case. 


Proof. Xam +: + ++ Xira = 0, i= 1,- + -+,8, implies X,Ba,-+--- 
+ Ba = 0, which because of Ba, = 0 gives X¥,Ba, +--+-+ XY,,.,Bai= 0. 
Essentially all that needs to be added is that there can be no further indepen- 
dent relations satisfied by the Ba; j —1,---,r, or they could not linearly 
span an n — J-dimensional space. 
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Notice the corollary that such a B carries spanned (minimal) subspaces 
into spanned (minimal) subspaces. 


THEOREM 6.2. a, can be eliminated if and only if? the r-th row of X 
isin Z. Thus the necessary and sufficient condition for no a; to be eliminable 
is that Z be absent. 


í This follows from the last two theorems; the proof is omitted. 


THEOREM 6.3. In the case of a minimal basis, every a; 1s eliminable, 
provided n > 1. 


Proof. In this case X has only one column, and (for n > 1) more than 
two rows. 

This describes completely the relation of Z to the geometry of the basis. 
It is natural to ask what properties of the basis correspond to special properties 
of Y. First, consider the case where F, and therefore also X, are reduced 


matrices: 
{X, 0 
. = (0 =) 


THEOREM 6.4. In case Z is absent, Y is a reduced matrix if and only 
if En is the direct sum of two non-zero spanned subspaces. 


Proof. Assume Z absent, Y reduced. Then the minimal subspaces fall 
into two classes, with no a; in common: one corresponding to the columns 
of X., the other to those of X.. Take the linear sum of each class. There 
result two spanned subspaces S, and S, whose linear sum is obviously Æ”. 
It must be shown that 8,9 Sa = 0. Suppose be 8,9 S, b0. Then b is 
a non-trivial positive combination of the a; lying in $;; — b is a non-trivial 
positive combination of those lying in $,; adding these two relations gives à 
positive dependence among the a, that is, an element ye N,(A). It is easy 
to see that y is not a positive combination of the columns of ee and those 
of ( a) ; this is a contradiction, so 8, N S; = 0. 

For the other half of the theorem, let 8, and $, be two such spanned 
subspaces. Every a; is in one or the other; ¥ will be shown to be reduced once 
it is shown that every minimal subspace is contained in either 8, or #2. 
Suppose @1,° ` `, Ap dy * `, dr Span a minimal subspace S’, where @,: © : ,& 
are in #, and @,,:° `’, ar are in Se For some x > 0, 


* With the assumed proviso that if a row of X is identical or proportional to one 
in Z the corresponding a, can be eliminated; this is again a mere matter of the order 
in which the rows are written, cf. fn. 2. For a trivial example of this, see Example III. 
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4 


pad + "+ ppp + Bala to + Wir = 0, 


Now padi + * F ppp € Si and ugla +: e +. mär E S_ are not zero, other- 
wise S’ would not be minimal. But they add to zero, contradicting the linear 
independence of S, and Se. The theorem is proved. 

The extreme case here is where Y is a diagonal matrix. Notice that Y 
is in fact always diagonal for n — 8 (Examples I-IV). This is also true 
for n = 4, as will be proved in Theorem 6.8; but for n = 5 there exist bases 
with non-trivial Y, such as Example V. Before diagonal Y are discussed, 
it is convenient to mention this simple fact: 


THEOREM. 6.5. Let a, - -,a, be all the a; lying in the minimal sub- 
spaces corresponding to tı, ° *,&a Let S, of dimension m, be the linear 
subspace of E” linearly spanned by a, + : ,a,. Let the dimension of the 
smallest facet of N.(A) containing tı : - ,& bet. Then m = p—t. 


Proof. $ is a spanned subspace, that one in fact which corresponds to Q 
by Theorem 5.2. There are no linear relations among 4,;: + -,@, which are 
linearly independent of those given by elements of Q. Now if A is considered 
as a function on AS to S, its domain has dimension p, its null-space-has 
dimension ¢, and its range has dimension m, which proves the theorem. 

A particularly evident special case is m == n, p = r. Then ¢ is the dimen- 
sion of N(A), that is, rank (X), which in turn is equal to rank (Y); so 
n = t — rank (Y). 





THEOREM 6.6. The following are equivalent: 
(i) Y is a diagonal matrix; 
(ii) the number of minimal subspaces equals the number of basis 
elements minus the dimensionality of the space: s == t —n. 
A necessary condition ts 
(iii) the intersection of any two minimal subspaces is linearly spanned 
by those a, wt contains. 
Proof. Since Y has s columns, s = rank (Y) ==r—-n. The equivalence 


of (i) and (ii) therefore reduces to the following lemma: 


Lemma. A +-canonical matrix is diagonal if and only if the rank equals 
the number of columns. 


Proof. Let the matrix again be called Y, and have s columns, all linearly 
independent. The transpose Y” is also +--canonical. Its columns are points 
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in H® giving a frame of the intersection of a linear subspace with the positive 
orthant Ps, The number of linearly independent. columns of Y” is s, hence 
the linear subspace is all Hs, hence Y is (perhaps after a rearrdngement of 
rows) diagonal. The other half of the lemma is trivial. 

It remains to consider condition (ii) of the theorem. The a common 
to two minimal subspaces are linearly independent in general, by Theorem 
4.1. The only possibility of failure of (iii) is that the dimension of the 
intersection may be greater than the number of common t. 

Let the two minimal subspaces, corresponding to +, and s, be of dimen- 
sions m, and m; let the common a; be p’ in number; let the linear span 
of the subspaces have dimension m and contain p of the a; Clearly 
p = (m, + 1) + (m.+1)—p’. The dimension of the intersection is 
M + m,—m. For (iii) to fail for sı, £s is for m, + Mm: — m > p to hold; 
that is, for p— m > 2 to hold; that is, for ¢>2 to hold, ¢ being as in 
Theorem 6.5; that is, for the two extreme vectors x.,% of N,(4) not to lie 
in a single 2-facet of N,(4). 

Thus (iii) cannot fail if N,(A) is formed from a simplex by projection 
through a vertex, that is if Y is diagonal. Theorem 6. 6 is proved. 

Note that (iii) is not sufficient for (i); a counterexample is given by 
Example VIT. 

It is clear that, for any n, Æ” admits a basis consisting of the elements 
of a linear basis together with their negatives. Such a basis might be called 
maximal, in contrast to minimal bases. The following theorem (which in a 
sense complements Theorem 3.8) justifies the terminology. (Theorem 6.7 
is essentially due to Robinson and Blumenthal; see [2], sections 76 and 120. 
It is seen to follow more naturally from the present strictly algebraic theory 
than from their metric approach.) 


THEOREM 6.7. = 2n, and the following are equivalent: 
(i) r=22n; 
(ii) Y «ws diagonal and Z is absent; € 


(iii) every minimal subspace is one-dimensional, so that the basis is 
maximal. 


Proof. As above, n == r — rank (Y). Now rank (Y) Sg, the number 
of rows of Y, with equality only if Y is diagonal, by the dual of the Lemma . 
above. Also 2s’ = r, with equality only if Z is absent, by the basic Theorem 
5.8. Therefore 2n = 2r—2s’ =r, with equality only if Y is diagonal and 
Z is absent. It remains to show that (ii) implies (ili), (iii) implies (i), 
but these are trivial. . 
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Here is one more application to a special case: 
THEOREM 6.8. For n = 4, every basis gives diagonal Y. 


Proof. The number s’ of rows of Y satisfies S <r/2=n<4 Any 
non-diagonal +-canonical matrix must have at least four rows (because three 
vectors in a single orthant are either linearly independent or positively 
dependent, evidently) ; so we need consider only s’ = 4, r—8,n—4 But 
in that case also Y must be diagonal, for rank (Y) =r — n =4= ð. 


7. Examples. In each of the examples I-VII below, A and X are as 


in $ 5: the columns of A are a,- - - ,a,, the rows of X’ (the transpose of X) 
are Ly,’ * *, Bg 

$ 

1 0 0 —i 
I. 10 EE GT. Wee. 4-4 1, 

0 01 —1 


IT. A = 





ka 
m a 
| 


| | 
0 1 001, rfi oa al: 
00 O0 1 —1 
1 0 0 —1 0 0 
IV. A010 GET 0 
001 0 0 —1 
1 0 0 1 0 0 
X=|0 10010 
001001 
1—1 0 0 0 00 0 
RE 0 00 0 
y Jalo © © © Beto bh 
0 0 0 0o 0 01 —1 
1 1—1 —1 —1 —1 1 i 
1 1 1 1 0 0 0 0 
"e ee à 0 6 
00110011 
0 0 0 9 1 71 1 ! 
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In the last two examples, only Y” is given, Y being as in Theorem 5.3. 


12 1 0 0 
1 2 1 0 i 
VI. PSS 0 AT. Re LUE 
3 40 01 
1 0 0 4 3 
1 11000000 
0 0 0 1 1 1 0 0 0 
VII. yr_ 10 0 0 0 0 0 1 11 
1 0 0 1 O0 0 1 0 0! 
0 1 0 0 1 0 0 1 0 
0 0 1 0 0 100 1 
ANN ARBOR, MICHIGAN. 
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MODAL OPERATORS, EQUIVALENCE RELATIONS, AND 
PROJECTIVE ALGEBRAS.* : 


By CHANDLER DAVIS. 


1. Introduction. In modal logic, as initiated by C. I. Lewis in 1918, 
one applies to propositions a, b,- - - not only the ordinary Boolean operations 
N, U, and ’, but also a modal operator which for present purposes will be 
written C. This is a constant symbol with the following interpretation: If a 
is thought of as assertion the truth of a proposition, then Ca is thought of as 
asserting its possibility; similarly, (Ca’)’ asserts its necessary truth. 

Depending on the sense put on the words “ possible” and “ necessary,” 
different properties will be assumed for C applied to propositional variables 
[12]. These properties may be expressed as identities, such as those below. 
Waiving the logical questions, some of these sets of identities may be studied | 
as definitions of kinds of operators on Boolean algebras. Particularly inter- 
esting are S4 operators, satisfying 


(1.1) Ca D a, 

(1. 2) CO = 0, 

(1.3) CCa = Ca, 

(1. 4) C(aU b) = Ca U Cb. 


Here (1.1)-(1.3) are, with the condition of “isotoneness ” 
(1. 4’) C(aU b) 2 Ca, 


just the assumptions made on “closure operators” on an arbitrary lattice 
[1,19]; while all of (1.1)-(1.4) are satisfied if C is the operation of 
topological closure in a topological space, a and b being subsets and the 
Boolean operations being set operations. Boolean algebras with an S84 
operator have been studied as generalizations of topological spaces [16]. 


` * Received September 12, 1953. 

i This material is essentially excerpted from the author’s thesis [5]. The work was 
done without knowledge of the earlier work of Chin and Tarski (see [4]), which it 
presumably overlaps a good deal. It is unfortunate that their investigation has never 
been published. , 
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S5 operators satisfy, beside (1, a. 4), 
(1. 5) anCb=O implies Can Cb =O. 


In the case of a topological space, the condition (1.5) on the closure 
operator implies that every open set is closed; in fact, (1.5) with (1.1) 
implies in general 


(1. 5’) C(Ca)’ = (Ca). 


Boolean algebras with an S85 operator do not therefore generalize any top- 
ologically interesting spaces, but they do provide generalizations of the simpler 
and “more set-theoretical ” notion of equivalence relation. 

This will be diseussed more fully, together with other preliminary 
remarks on 85 operators, in Section 2. In Section 3 is a discussion of the 
reason for considering Boolean algebras with several S5 operators. The 
remainder of the paper gives theorems on the structure of these systems. 
They are shown to be in a rough sense “ coordinatizable” by deriving them 
from the projective algebras of Everett and Ulam (Sections 4-5); only the — 
two-operator case is treated here. The relation of these systems to the first- 
order functional calculus of logic is stated in Section 6. 

The terminology to be used for Boolean algebras is as follows. “ Meet” 
means “ N,” “join” means “U.” The relation a = a U b, i.e a2 b, will 
be called “a is above b” or “b is below a.” I and O are the “unit” and 
“null” elements respectively. A prime denotes complement if it follows an 
element of a Boolean algebra, though it may have other meanings in other 
connections. If Q is a set of elements of a Boolean algebra, U @ will be the 
join of all elements in the set. 


2. Properties of S5 operators. First of all, the following more eco- 
nomical set of conditions will be convenient: 


LEMMA 2.1. If B is a Boolean algebra, any function O on B into B 
is an S5 operator provided it satisfies 


(1.1) Ca — a, 
(1. 4’) C(aU b) > Ca, 
(1. 5’) C(Ca)’ == (Ca). 


Proof. (1. 4’) is a consequence of (I.4) alone. As already mentioned, 
(1.1) and (1.5) give (1. 5’): Ca N (Cay = O, hence by (1.5), Ca N C(Ca)’ 
= 0, that is, C(Ca)’ € (Ca)’, and the inequality cannot be strict because 
of (1.1). 
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The other half is to show that (1.1), (1.4), (1. 5’) imply (1.1)-(1. 5). 
Now (1.1) implies CI =I, so, by (1.5), CO=C(CI)’ = (CI)’=0; 
(1.2) is proved. Next, (1.3) results from (1.5’) alone: CCa = C'(Ca)” 
= C (0 (Ca) Y = (C(Ca)’)’ = (Ca)” — Ca. The proof of (1.5) is also 
easy: Suppose a N Cb—O. This is equivalent to aC (Cb)’, so that by 
(1. 4’) and (1. 8’), Ca C C(Cb)’ = (Cb)’, that is, Ca N Ch =O. (1.5) is 
proved. Only (1.4) remains. 

. In the usual terminology, call any fixpoint of C “closed”; the closed 
elements are those of the form Ca, by (1.3). Well-known arguments show 
that 


(2.1) | aC Cb implies CaC Cb, 
(2. 2) a and b closed implies a N b closed. 


Indeed, a C Ob gives Ca C CCb — Cb by (1. 4’) and (1.8). And for a and 
b closed, (1. 4’) gives C(an b) C Ca N Ob =a N b; the inequality cannot 
be strict because of (1.1), so (2.2) is also proved. 

Complements and meets of closed elements are closed, by (1.5) and 
(2.2) respectively, so CB is a subalgebra and 


(2.3) .a and b closed implies a U 6 closed. 


The proof of (1.4) is now easy. By (1.1), aUbC Ca U Ob; by (2.3), 
Ca U Cb is closed; by (2.1), C(aU b) C Ca U Cb. But the reverse inequality 
is obvious from (1.4). The proof is complete. 

It is easily shown that (1.1), (1. 4’), (1. 5’) are independent conditions 
if @ has at least eight elements. 

The following theorems make precise the sense in which S5 operators 
generalize equivalence relations. | 

First the relation to equivalence relations is stated in the case where @ 
is a full Boolean algebra, that is, isomorphic to the Boolean algebra of all 
subsets of some set: 


THEOREM 2.1. Let B be a full Boolean algebra. For each equivalence 
relation » on the points of B, let Cy be the operator defined as follows: for 
ae B, Coa is the join of all points of B which are o-equivalent:to any point 
below a. Then Cg is 85; and the correspondence D — Ca is a lattice iso- 
morphism of the partition lattice P(B) of all D onto the lattice of all S5 
operators on B. Also CB is always a subalgebra of B complete in B and a 
full Boolean algebra; and the correspondence p —> CB is a lattice dual iso- 
morphism of P(B) onto the lattice of all such subalgebras. 


À 
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Explanations. S85 operators are ordered as functions into a poset [1], 
namely, Ci D C, means that, for all ae B, Ca D Ca. Equivalence relations 
on a set of points p,qg,° - - are ordered by defining ¢ y to mean that pyq 
implies ppq. Subalgebras of 8 are ordered as ugual: by inclusion. A point 
of a Boolean algebra is a minimal element strictly above O. The join referred 
to in the second sentence of the theorem is of course the join operation of &, 
not set union. 


This theorem is not really new (see [16,17]; also [18,19]); also the 
ideas involved are perhaps made sufficiently clear by the remarks in Section 1. 
Accordingly, the proof is omitted; it is given in [5]. 

Next, a representation theorem relates the general case to the special 
case above. 


THEOREM 2.2. If C is an S85 operator on the Boolean algebra B, and 
if B’ is the full Boolean algebra in which B is imbedded by the Stone repre- 
sentation theorem, then there is an S5 operator C’ on B’ which is an extension 
of C. If several S5 operators are extended to B’ in this way, the correspon- 
dence is order-preserving in both directions. 


This is a special case of a representation theorem of Jénsson and Tarski 
[10], but the proof is particularly simple in this case.” 

For p a point of 8’, define C’p— N {a;a D p,ae CB}; define further 
CO = 0. For other be 8’, define C’b as U {p;p C b, p a point}. Then 
C’ may be proved to be an S5 operator by Lemma 2.1, or as follows. 

Define peq, for points p and q of @’, to mean that p C Ca implies g C Ca 
for ae 8. The relation ¢ is obviously reflexive and transitive. To verify that 
it is symmetric, take pg and p Œ Ca; then, by (1. 5’), p C (Cay == 0 (Cay, 
so q C (Ca)’,¢ Ca. Hence ¢ is an equivalence relation. The S5 operator 
Cs corresponding to it according to Theorem 2.1 is identical with ©”, by 
definitions. 

C’ must be shown to agree with © on 8. The definition shows that if 
ais closed under C it is closed under C’. From this it follows that, for all 
be @, C’b C Ob. The reverse inequality is more difficult. 

Take any be B; Cb — U {C’g;g Œb, q a point}; and each such Oq 
is the join of an equivalence class under ¢. Hence to show that Cb C C’b 
it is enough to show, for any point p C Cb, the existence of a point g Cb 
with pq. 

Consider the set « = {b N d;d D p,de CB}. First, « contains with 


? The referee contributed to its simplicity. 
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any two elements their meet: if b N dew, b N dea, then, because dN dD p 
and dN de CB,bndnba dea. Next, « does not contain O:for b N d = 0 
and de CB would imply b Cd’ e CB, d D Cb D p, which would forbid d > p. 
A standard argument shows there is some point q of 8’ which is below every 
element of «; in particular, gC b. Also pq, by the definition of œ. There- 
fore Cb C C’O. 

This proves the first statement of the theorem. 

Now let C,/ and Oy be the 85 operators on @’ obtained in this way from 
the 85 operators C, and C, on 8. That C,’ C Cy implies Cı C C, is obvious. 
The converse follows almost as easily: If Cı C Ca, then C-B is contained in 
CB, so by definition C,’p C Cp for p a point of @’, so Cb C C.’b for all 
b e 8’, which was to be shown. 


3. Discussion of S5 operators. All the considerations of this paper 
were motivated by an interpretation of the notion of possibility, therefore of 
modal operators, which will now be set forth.” It is related to the ideas of 
Wajsberg [22], Carnap [2,3], and McKinsey [14]. 

Let us consider a logical system as a way of representing the relationships 
between statements which may correctly or incorrectly be made about the 
universe. (The “universe” here may be any “isolated” physical system or 
conceptual system.) No two such statements need be considered as distinct 
unless it is believed that one of them might hold without the other’s doing so. 
In other words, let us consider a statement to assert something only insofar 
as it distinguishes a state of affairs which it asserts from an otherwise con- 
reivable state of affairs which it denies. This point of view leads naturallv 
to limiting oneself to propositions “in extension”: To begin with, one 
imagines a set of “ possible ” alternate universes. Thereafter, a proposition a 
is considered “in extension,” that is, it is identified with the set of alternate 
universes in which it holds. (Each proposition considered is to be one which 
asserts something about the universe: one, therefore, which can assert some- 
thing about each alternate universe, and can hold or not hold in each alternate - 
universe. It is not to be a proposition about sets of alternate universes; nor 
yet a proposition about propositions.) Now if the proposition asserted by a 
holds in some alternate universe one can say that the proposition asserted by 
Ca, “it is possible that a,” holds in all the alternate universes. 

Now in the formal system constructed following these ideas, logical 


? The discussion of logic in this section, as in §1, is informal. Nowhere in this 
paper is there a formal discussion of logical systems generalizing Lewis’s 85, though 
the mathematical systems treated would be matrices for such systems. 


“we 
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connectives between propositions will correspond to operations on the elements 
of a complemented lattice of subséts of the set of all alternate universes. This 
lattice might be taken to be the Boolean algebra of all subsets, as is done by 
Carnap [3], who distingiushes each of his alternate universes initially by the 
subset of a given set of atomic propositions which hold on it. Here, the 
lattice will be taken to be some field of sets, therefore a Boolean algebra 
(although it is not at all clear that other lattices are uninteresting in this 
connection) ; it will not be assumed full. 

The operator C on this Boolean algebra which was discussed above gives 
CO == 0, and for a 4 0, Ca = I. It is an 85 operator—that which corre- 
sponds, if the Boolean algebra is full, to an equivalence relation with only 
one equivalence class. 

Non-trivial S5 operators, or more than one S5 operator, might appear 
in the same context. An early argument for the introduction of two modal 
operators [6, 21] need not be discussed here (see [11]). A strong argument, 
‘however, is made by Weyl [23] for considering more than one “ degree of 
possibility.” He gives the following example. Suppose a train leaves 
Seattle at 9:00 a.m. Pacific Time. It is physically impossible for it to 
arrive in Chicago one microsecond later. It is technically impossible, though 
physically possible, for it to arrive in Chicago at 10:00 a.m. Pacific Time the 
same day. Weyl’s example illustrates the desirability of a totally ordered set 
of “ degrees of possibility ” 4; it can be amplified as follows to illustrate the 
case for a partly ordered set. It may be technically possible for the train to 
arrive at 9:00 a.m. two days later, but impossible because no track is avail- 
able for it to enter the Chicago station at that time; the technically impossible 
arrival time of 10:00 on the day it started might however be possible by the 
latter criterion. Thus we have two “ degrees of possibility ” neither of which 
implies the other. The example is artificial, and a different one will serve 
better. 

Let the alternate universes be “ all ” division rings. Assume for simplicity 
that the Boolean algebra being considered is that of all sets of alternate 
universes; that is, that there is, among those propositions being considered, a 
proposition distinguishing each of the division rings. Let C;a assert that the 
proposition asserted by æ is possible as far as commutativity or non-commu- 
tativity is concerned. (Equivalently one could say, let C, be Cs of Theorem 
2. 1, taking for ¢ the equivalence relation having two equivalence classes: the 
commutative division rings, the non-commutative ones.) Thus if a asserts, 


t Possibility operators to be ordered as functions into the Boolean algebra of 
propositions, see § 2. 
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“This division ring has two elements,” then O a is true for all fields (all 
members of the first equivalence class) and for no other division rings. Let 
Ca assert that the proposition asserted by a is possible as far as finiteness 
or non-finiteness of the division ring is concerned. If a asserts, “ The identity 
of this division ring has infinite order,” then Ca is true for any division ring 
with an infinite number of elements and for no others; and so forth. C, and 
C2 are again S5 operators, and neither C, CC, nor Ci D Ca 

Return for a moment to the first, relatively trivial interpretation of possi- 
bility above. It would have been equally reasonable to replace the propositions 
a by propositional functions F,(-) in the following way. For each proposition 
a about the universe, let F,(x) assert that a holds in the alternate universe x. 
(For fixed x, F,(x) is not an assertion of the same form as a, so that 
expressions involving the F,(-) cannot meaningfully be combined with 
expressions involving the a by logical connectives.) The association of a to 
F.(-) is of course a Boolean isomorphism. To what does the S5 operator C 
described above correspond? By its definition, Ca = I if (3 y)F,{y) is true, 
Ca—O otherwise. If one is willing to regard the proposition (3 y) F.(y) 
as a propositional function (whose variable is not written and is without 
effect on the truth-value), then the conclusion may be simply stated: “The 
operator C on propositions corresponds to existential quantification on the 
associated propositional functions. This correspondence between modal pro- 
positional calculus and the ordinary “einstellige Prädikatenkalkul ” was 
mentioned but not discussed by Wajsberg [22]. 

So much for the case of one trivial 85 operator. The introduction of 
more than one modal operator naturally suggests the extension from the 
calculus of propositional functions of one variable to the first-order functional 
calculus, in which propositional functions may have more than one argument. 
In fact, there is a close relationship between the two situations; this relation- 
ship is the subject of the following sections. 


4. S85 operators and projective algebras. The projective algebras of 
Everett and Ulam [7] were intended as a preliminary attempt at supplying 
a model for the first-order functional calculus similar to that supplied for’ 
propositional calculus by Boolean algebra. The definition is as follows. 

A projective algebra is a Boolean algebra 2 (whose unit element will 
be written “2”), with a distinguished point po; with unary operations 
(“ projections”) a—> a, and a — ay; and with a binary operation a,b — a O b 
defined for a Ci, and b Cty; subject to the following laws: 


5 See also [4]. 
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P2. Cay = yo — Po- 


P3. a—0, a; == 0, and a, = O are all equivalent. 


P4. lre —= Les yy S: ly. ‘ 


P5. Let OC aCti, OCC. Then (20b),—a, (aO b)y==b; also, 
for any ce Q, Ce =a and cy = b ii cC (anb). 


P6. is Opo = tr; Po O ty = ty. 
P?. (QU i = (a0 i) U (à 04); is OO U 6) = (is O b) U (is O 8). 
Di. e0 0 = 00b =Q. 


' The typical case motivating these conditions is the projective algebra of 
subsets of a direct product, in which 2 is a Boolean algebra of some subsets 
of a Cartesian product of a set by itself, and where the projections a— a, 
and a — a, are the projections of a set in 2 onto the respective axes. Every 
projective algebra is isomorphic to a projective algebra of this sort [7,15], 
but not necessarily to a projective algebra of all subsets of a direct product. 

Every projective algebra 2 can be made into a Boolean algebra with two 
S5 operators in a natural way. Namely, 85 operators on 2 as a Boolean 
algebra are given by defining 


(A) Ca = tly E ty Ca = Uy O Qy. 
This result is a special case (where e is taken equal to i) of Theorem 4.1 
which follows.® 


THEOREM 4.1. Let 2 be a projective algebra and e a fixed element 
of 2. On the Boolean algebra of elements below e (complement being defined 
as relative complement) the following are S5 operators: 


(B) Cia = (a, Oi) N e, Cza = (is O ay) Ne. 


THEOREM 4,2. Every Boolean algebra with two S5 operators is obtained 
in this way. | 


Proof of Theorem 4.1. It is enough to give the argument for C, since 
the proof for C, would go just the same. The conditions of Lemma 2.1 
must be verified; accordingly, it will be shown that 


(41) (ae Oy) Ne Da; 


6 Cf. remark at end of § 5. 
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(4. 4) ((a U b)s Oi) N e= ((a,Di,) U (b0 i)) Ne; 
(4. 5’) O1((Cya)’ N e) = (Qayn e. 


Here (1.5) takes the form (4.5) because the prime is still being used to 
denote the complement in 2 (not the relative complement); (4.4) is the 
statement of (1.4), which is stronger than (1. 4’). 

These identities can be verified using the representation theorem for 
projective algebras, or formally, as follows. In the proof, results from [7] 
will be cited by number, without quoting them. | 

First, if a — O then (4.1) becomes trivial and (4.4) follows from P3, 
D1. If none of the elements involved is O, one has, by C1, C9, and C10, 
(az Clty) Ne D (a Day) Ne Da, proving (4.1); while 019 gives (4.4). 

If a = O, (4. 5’) reduces to Cie = e, which follows from (B) and (4.1). 
It remains to prove (4.5’) forO C aCe Now ` 


(Ca) N e = (Diy Ne (obvious from (B) ) 
= ([(de’ N is) Di] U [ie (i Niy)]) Me (by C22) 
= ( (as NY) Ow) Ne (by D1). 
Also 
C1((C1a)” Ne) = ([(& 0%) Nelly) Ne (by (B)) 
C ((L (Ge O y) Jo N ee) Oty) Ne (by C4, C9) 
= ([(a@O1t,)’J2O ty) N (eg Oty) Ne (by C11) 
= ([(4 OD ty)’J2O ty) Ne (by P5, C9) 
= ([ (a N is) O iyl Ne (see above) 
= ((ay N tz) ty) Ne (by P5). 


Hence “C ” holds in (4. 5’). But the reverse inequality is immediate from 
(4.1). The proof is finished. 


5. Continuation. Proof of Theorem 4.2. Imbed the given Booleam 
algebra & in 8” by Theorem 2. 2; let the extensions of the given S5 operators 
Cı and Ca be written simply C, and Cz. The proof is in three parts: con- 
struction of a certain full projective algebra 2’; construction of a certain 
sub-projective-algebra 2 of 2’; and showing @ can be obtained from 2 by 
the method of Theorem 4. 1. 

Elements of 8” will be writen as before (in particular, “p” and “q” 
will denote points); lower-case Greek letters will denote elements of 9” 
(thus its unit element is written #4”). 
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Part I. The points r of 9’ are to be as follows: 
(5.1) for every point p of B’, a point [p]; 
(5.2) for every point Cp of C18’ and point Coq of C-B’, a point [C.p, Coq] ; 
(5.3) for every point Cip of C,8’, a point [Cp]; 
(5.4) for every point Cog of C28’, a point [Cq]; 
(5.5) an additional point ro. 


Here it is clear that the same element r of 8’ may give rise to more than one 
point of 2’—e. g., if r is a point both of B’ and of C:8’. In such a case the 
notations [r],, for the point of the form (5.1), and [r], for the point of 
the form (5.3), could be used to distinguish the two; however, the arguments 
which follow will be sufficiently clear without doing this. The point r, will 
be the distinguished point (§ 4) of Q’. 

Let 2’ be the full Boolean algebra generated by the points (5.1)-(5. 5). 
Denote by x, the join of all points of the form (5. n), n = 1, 2, 3, 4, 5. 

. The projections of 2’ will be defined first for points 7. 


| we: [p] = [Cp] my: [Ply = [Cp] 
= . [Crp, Cagla = [Cip] [Cip, Cog ly = [C2q] 
| [Ciple= [Cp] [Cp = ro 
[Cop |e = To [Cop ly = [Cop] 
(110) o = To; (70) y = To. 


Next, for arbitrary ae 9’, define as =U {re;r C@,r a point}; and a, 
similarly. 

Of the conditions (P1-P? and D1) which must be checked to prove 9’ 
a projective algebra, P1, P3, and P4 are already clear from the definitions. 

Now te = xs U xs, ty = x4 U xs, in the notations above. Recognizing this, 
one verifies P2 immediately. 

Also for ge 9’, a Cu, if and only if « is a join of points of the forms 
(5.3) and (5.5), with a similar condition for 8 Cu, For such « and £, 
the operation “ŒO” must be defined. First, « O O = 0O ŒO 8 ==0 may be 
assumed; this is Di. Next, for OC aC. and OCBGiy, let «OB 
=U {rire C @, y C 8, r a point}. This makes P6 and P7? obvious. 

P5 must be checked. As a sample, here is the demonstration that 
oC («Ol B), Consider any point rCa If m =m, then r= (rOp)s,- 
where p = v CO p is any point below 8. (Remember 8 s4 0) The other case 

‘ } ! 
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is = [Cp]: then either r = [C:p, Cog]., With [Coq] = [Cip, Coq y CB; 
or, if B a one has + = ro to = my, (It might also happen that r == [p]., 
with [p], G £, but this can not be guaranteed; this was of course the reason 
for introducing the points (5.2) originally.) In either case, r © (a O 8). 
Therefore «a C (¢OB)>. 

It has been proved that 2’ is a projective algebra. 


Part II. Next the subset 2 of Q’ will be defined. Here @, Q, Qa, 
represent sets of points of (respectively) 8’, C,B’, CB’. 


(5.6) If U @e@, then U{[p];peQ}e2; 
(5.7) if U Q e08, U d.¢C.8, 
then U {[Cip, Coq]; Cip e Gi, Cog e Ge} e 9; 
(5.8) if U ŒeC:8, then U {[Cip];Cipe Gi} 29; 
(5.9) if U ŒeC28, then U {[Cop]; Cope Za} 22; 
(5.10) moel. 
Let 2 be the sub-Boolean-algebra of 2’ generated by these prescribed elements. 


This ensures that 2 is closed under the Boolean operations. The proof 
that it is closed under the other operations follows. 

Any «e 2 may be written as the join of the & N xm n = 1, 2, 8, 4, 5. 
Also a N yne 2, and, by P1, (a N x)» e 2 for all n implies «se 2. So the 
next task is to prove, for & Cyn, that ae 2 implies ase 9. 

For n == 5, that is, &« == ma this is automatic. 

For n == 1, 3, 4, it is almost as obvious. Take for example «Cy, a£ 2. 
It is easy to see that a is of the form (5.6): «=U {[p];p Ca ae B}. 
Then ay = U {[Cip]; Cip € Cia}; since Cia e C18, this is of the form (5. 8), 
hence in Q. 

Finally, consider « Œ yọ ae 2. Call an element of the form (5.7) a 
“ Q-rectangle.” Now a is a combination of a finite number of 2-rectangles, 
together with elements disjoint from xz, under Boolean operations. Note that, 
for any Q-rectangles 8 and y, 8 N y and B’ Myx. are joins of Q-rectangles. 
Therefore « is a join of Q-rectangles; and therefore, by P1, only the case 
where g is a single 2-rectangle needs to be considered. But this case is clear. 

Thus 2 is closed under 2-projection; similarly for y-projection. There 
remains the operation “ 0.” 

Assume ¢= U{[Cip]; Cip CaeC,B}, B= U{[C.p]; Cp Cb 2 0.8}; 
so that «,8e2. In order for a point r of 2” to be below g Op, it must 
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satisfy +, C & and my Cf. This is equivalent to saying that either x = [p], 
with pan b, or r= [Cip, Cog], with Cip Ca, Cag C b. The join of all 
x of the first kind is an element of the form (5.6), because a and b, hence 
af) b, are in B; the join of all w of the second kind is an element of the 
form (5.7). Therefore « Œ £, the join of all + of either kind, is in Q. 

This was not quite general enough, it assumed ro € «, mo Œ 8. However 
the remaining cases involve no difficulty, and one concludes that 2 is closed 
under the operation “ 0.” 

It is now easy to see that 2 is a projective algebra. 


Part III. The first two parts of the proof were preliminary: the 
supplying of a projective algebra 2 from which an isomorphic image of 8 
could be obtained by the. construction of Theorem 4.1. There remains the 
proof proper: showing that this can in fact be done using the 2 prescribed. 


Define the function & on B’ by &a— U {[p];p Ca, p a point}. Then 
#8’ consists of those elements of 2’ below I, which is the element called y: 
above. Any 7&8’ is in #8 if and only if it is in 2; and & is a Boolean 
isomorphism of B on &@ (in fact of B’ on 68%’), if complementation in 
8’ is understood as relative to ®J. 

So much is obvious. Now by Theorem 4.1, C, and ©, defined as follows 
are 85 operators on #8 : Čia = (as O iy) NGI, Can = (ts I a) Nel. It 
must be shown that Cia == Ciba, O:a = Oza. 

Assume [p] C Čia, a = ğa, ae B. Since [p] Ca,Oy, one has 
[plo &z; and every point below a, is [Cig] for some [q] Ca, that is, 
for qC a. Hence, for such a q, pC Cip = Cug & O,a. This proves 
Oa D ða. 

Let p be a point. of 8B’ below Cia, ae B; then [p] C@C,a. By the 
proof of Theorem 2. 2, there is some point q below a such that p C Cig. For 
such a q, [p]: = [Cip] = [Cig] = [gle E (Sa)... Thus p, being a point 
below 7 whose z-projection is below (a)s, is below (a O uy) N EI = Č ða. 
This proves 6C,a C Cyba. 

An identical argument relating C, with Č, completes the proof of the 
theorem. | | 

It should be remarked that in case e of Theorem 4.1 is à, then for any 
a z0, CCa = Co (üs O iy) = is O iy =t (see [7, C10]). But there exist 
B such that C,C,a assumes other values than O and J. Therefore if Theorem 
4. 1 had asserted only the special case e — i, the converse Theorem 4. 2 would 
have been false. 
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6. Relation to the first-order functional calculus. This relation is 
most easily expressed by dealing with Mautner’s Boolean tensors [13] instead 
of with the logical theory itself. The logical coordinate system of Mautner’s 
theory will be left fixed,’ so that a Boolean r-tensor may be treated as simply 
a function on the st SXSX--+-:XS (r factors) to the two-element 
Boolean algebra. | | 

The Boolean r-tensors f == f(#1,° > >, Zr), Lye 8, form a system B, closed 
under the Boolean operations. However @, is not closed under the following 
operations: 


(6.1) outer sum formation 

Ets" t +, Er) U gly? + +5 Yr) = h(a," £ 5 Br Yrs” ° "> Úr) e Bars ` 
(6.2) outer product formation, dual to (6.1); 
(6.3) setting arguments equal 


ON ear T a i EX a D. 
(6.4) sum contraction (i. e. existential quantification ) *® 


U {F (23: ° tr) TE 8} = g (Tı ' Ts Tres Ekris’ * ‘> Zr) © Bras 
(6.5) product contraction, dual to (6. 4). 


All of (6.1)-(6.5) correspond to admissible processes in forming formulas 
of the functional calculus.° 

If all of (6.1)-(6.5) are forbidden, 8, is merely a Boolean algebra. 
This corresponds to the situation of the “alternate universes” of Section 3 
before S5 operators were introduced. Corresponding to the introduction of 
S5 operators there, a limited class of Boolean tensor operators will be specified 
which will take B, into itself. (Note that (6.1)-(6.3) will still be forbidden, 
and will have no analogue.) Namely, for any ye S let 


(6. 6) U {f (m, | "> Zr) ; Tr E S} dE (Crf) (ti; " "5 Dimis Ys Tri, * FEDE 
Clearly Caf is in @,, but its k-th argument is without effect. Conversely, 


TIt will be clear that Theorem 6.1 has invariant significance in Mautner’s sense 
and Theorem 6.2 does not. Note that my notation for Boolean tensors in this section 
differs from Mautner’s. 

° The notation in the left-hand member implies that the k-th variable is bound by 
the summation. | 

? It is unconventional to include setting arguments equal (6.3) as a process 
analogous to the others; that is, “F(æ,æ)” is not usually regarded as having been 
formed from “F(a,y).” But cf. [9; Kap. 5a]. 
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a function in @, whose value is independent of its k-th argument is of the 
form Cf. This characterization of C,@, makes it clear that it is a complete 
sub-Boolean-algebra of @,. Also C; can be seen to take any fe @, to the 
meet of those elements of C;,@, above f. Therefore (Theorem 2.1) Cy is an 
S5 operator. 


Furthermore, if é is any set {ki,- -+,k:} of the indices 1,---,7, then 
the operator 
(6.7) Ce == Cure 2 “Os, 


clearly depends only on € (not on the order of the C,) and is an S85 operator. 


Some further properties of the Cz may be pointed out. It is natural to 
order them as functions into @,, in fact to consider them as a subset of the 
lattice of all S5 operators on @, (Section 2 and [1]). Now if one defines 
an operator corresponding to the null set of indices by 


(6.8) Cof =f, 


then one concludes that Cru,== Ce U Cy. It is not hard to show also that 

Ciny = Cen Cy. (The proof, based on Theorem 2.1, is given in [5].) 

Finally, if €—{1,---,r}, then Cef(a,: + -,a-) =I for all m,---, 2, 

provided there is any set of arguments for which F(z `, €) =L. 
Collecting these facts gives the following. 


THEOREM 6.1.7 The operators Cz on B, defined by (6.6)-(6.8) are S5 
operators. They form a sublattice of the lattice of all S5 operators (containing 
its null and unit elements), and Ce—>& is a lattice-tsomorphism onto the 
Boolean algebra of all sets of indices 1, > -,7. 


Thus Boolean algebras with S5 operators generalize Boolean tensors only 
if the operations allowed on the latter are restricted; they provide a Boolean 
model for the functional calculus only in a limited sense. Quantification is 
included (notice that the dual of (6.6) is (Czf’)’) but (6.1)-(6.3) are not. 

Projective algebras are evidently in the same situation. In fact, identify 
every fe B, with the set of all points of S X S which it maps into I. Fix a 
point z of S. Define *° fẹ as the set-intersection of {z} X S with Cif (as 
defined by (6. 6)) ; similarly fy = (S X {2}) N Cof. Also define, for subsets 
T and U of 8. 


({2} XT) O (U X {a}) =-UxXTCSXS8. 


1° [7, C28]. 
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THEOREM 6.2.7 With respect to the distinguished point {zo} X {20} and 
| the operations just defined, Ba becomes the projectwe algebra of all subsets 
of the direct product S X S. Every projective algebra of all subsets of a 
direct product of a set with itself is obtained in this way. | 


This is clear without giving details. For the first sentence, compare [7]. 
For the second sentence, simply construct Ba over the set in question. 


ANN ARBOR, MICHIGAN. 
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COHOMOLOGY CLASSES OF FINITE TYPE AND FINITE 
DIMENSIONAL KERNELS FOR LIE ALGEBRAS.* 


By G. HOCHSCHILD. 


Introduction. Our main concern is with the problem of finite dimen- 
sionality of the kernels in the interpretation of the 3-dimensional cohomology 
groups of a Lie algebra L as groups of equivalence classes of L-kernels (as in 
[4]), in analogy with the theory of group kernels of Hilenberg-Machane, [11. 
This problem is connected with the theorem on the existence of a finite 
dimensional faithful representation of a finite dimensional Lie algebra and 
with the related problem of the effaceability of cohomology classes in finite 
dimensional modules. In fact, the solution of our problem depends on some 
of the methods and results of several investigations in these directions. 

In order to give a coherent and intelligible account of these and certain 
refinements of them which we need for our purpose, we take up some of their 
essential details in a more specifically adapted exposition. In particular 
(in Section 1) we give a new exposition of the relevant features of the use of 
the differential calculus of E. Cartan which was basic in [2] and [9] ([9] is 
not available in print), cutting out much of the computational detail which 
encumbered the original presentation. In Section 2, we give a slight refine- 
ment of a result on module enlargements due to Zassenhaus, [10], which is 
vital for our purpose. In Section 3, this is combined with the results of 
Section 1 to give a completion of the result of [8] and [9] on the effaceability 
of cohomology classes. This will absorb Iwasawa’s result, [6], on the efface- 
ability of 2-dimensional cohomology classes in characteristic 0. We also give a 
simplification of [wasawa’s proof for the case of characteristic p by using 
Jacobson’s technique of [7]. In Section 4, we apply these results to the 
kernel problem for which we obtain a complete solution, in the case of 
characteristic 0. 


_ 1. Cohomology and differential forms. Let L be a finite dimensional 
Lie algebra over a field F. Denote by A the exterior algebra built over the 
space dual to L.. À is a graded algebra over F, with the homogeneous com- 


* Received March 22, 1954. 
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ponents A” such that A” = (0), for m < 0; A? = F; A= the dual space 
of L; and, for m = 1, A” = the subspace of A which is spanned by the 
(exterior) products with m factors from At. The (exterior) multiplication in 
A is anticommutative in the sense that, for ae A? and b e 49, ba = (—1)?%b. 
Without dwelling on the well known details of the definition of A, we recall 
merely that A” may be identified with the space of all m-linear alternating 
functions from L to F. In particular, A” = (0) if m exceeds the dimension 
of L, and otherwise the ordered products of m elements of an ordered basis 
for A+ constitute a basis for A” over F. The coboundary operator à of A is a 
homogeneous antiderivation of degree 1, which means that 6(A”) C A”™** and 
8(ab) = 8(a)b + (—1)?ad(b), if ae A?. Furthermore, 6(#’) = (0), and 
è — 0. Clearly, such a map à will be uniquely determined (assuming its 
existence) as soon as its values on A’ have been prescribed. This is done 
‘most naturally by using the following further maps. For we L, define the 
map Cu of At into F by cCy(a) — a(u). Then €, can be extended in one and 
only one way to a homogeneous antiderivation of degree — 1 of À, which we 
still denote by ca. It follows then at once by an induction on the degree that 
Cy? = 0. On the other hand, there is a unique homogeneous derivation ty 
of degree 0 on A which maps F into (0) and, on A’, is given by t, (a) = a, € A’, 
where a,(v) — a([v,u]). One verifies easily that tuto — tyty = tru,v1, so that 
A carries the structure of an L-module. This verification is again based on 
an induction on the degree, noting that the two maps whose equality is to be 
established are both derivations of degree 0. Similarly, one observes that 
tyCy — Cotu and Cry,y; are antiderivations of degree — 1 which coincide on F 
and on A+, whence it follows that tuCy — Cotu = Cru}. Now the conditions 
Cy (da) = (a), for all we L and all ae At define a map §: A*—> A? uniquely. 
There is unique extension of this map to a homogeneous antiderivation of 
degree 1 of A which is 0 on F. This is the coboundary map 6 of À, and one 
verifies easily that c,5 + 8c, = tu, for all we L, and that 6? — 0. This verifica- 
tion is again inductive, using the fact that c,ô + 8c, and 8? are derivations 
of A. 

Now let V be an L-module. We form the tensor product V &® A with 
respect to the base field F. We may regard this as a right A-module in the 
natural fashion, and we shall “extend” the above maps Cu tu and 8 over 
V&A in such a way that their inter-relations are preserved, as well as the 
properties ©? = 0, à — 0. We shall define c, and t, on V ® A such that, for 


* These maps and, more generally, the technique of derivations and antiderivations 
in graded rings which we employ here have been used quite frequently in recent years, 
notably by H. Cartan, C. Chevalley, and J. L. Koszul. A certain familarity with their 
manipulation is presupposed here. 
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ve Vandaes À, talv Q a) = v È ¢,(a), and t,(v © a) = (uv) @a+v@i,(a). 
The coboundary map & is extended so ‘that 8(v @ a) = (3v)a +v @ ôa, 
where ôv is defined as an element of V @ A* by the relations c,(8v) = u: v, 
for all ue L. In particular, the pair (V @ A, 8) constitutes a cochain complex 
whose cohomology groups are the ordinary cohomology groups H"(L, V) for 
L in V. 

Next we single out certain facts concerning rings of power series whose 
consideration is basic for our proof of the effaceability theorem. Let P denote 
the ring of all integral formal power series with coefficients in the field F 
of characteristic 0 in n variables 21,---,%, We denote by D; the partial 
differentiation with respect to x; in P. Correspondingly, we denote the formal 
quadrature with respect to x; by D;* (the “constant of integration ” is taken 
to be 0). If U is an F-linear subspace of P, the calculus closure of U in P 
is defined to be the subspace of P which is spanned by all those elements of P 
that can be obtained from elements of U by applying a finite number of 
operators D; and D;*. The differentiations of P (over F) constitute a free 
 P-module with the D; as a free basis. An element pe P gives a P-linear map 
D — D(p) of this module into P which we denote by dp; this is the differential 
of p. The differentials generate (over P) a free P-module which is dual to 
the module of the differentiations of P; dz,,- - -,dz, being a free basis dual 
to the free basis D,,- © +, D, of the module of differentiations. The algebra 
B of the differential forms on P is the exterior algebra built (relative to P) 
over the module generated by the differentials, which is therefore Bt. We have 
B° = P, and d maps B° (F-linearly) into Bt. This map d can be extended 
uniquely to an antiderivation of degree 1 of B, still denoted d, such that d? = 0. 
As with every graded ring, we denote by B* the sum of all homogeneous com- 
ponents of positive degree of B. Then B* is an ideal of B, and B is the direct 
sum of B° and Bt. The most important fact for us is the following well 
known result, a proof of which can be found, for instance, in Section 2 
of [2]. 


Lemma 1. Let b be an element of B* such that db = 0. Let U, be the 
subspace of P which is spanned by the coefficients of b when expressed as a 
P-linear combination of the ordered products of the da; Then there exists 
an element ce B such that de = b and U, lies in the calculus closure of Up. 


Now let Z be a solvable Lie algebra of finite dimension # over an alge- 
braically closed field F of characteristic 0. Let K be another Lie algebra 
over F which contains L as an ideal. Then, since simple L-modules must 
be 1-dimensional (as follows from the fact that L is solvable and F 


a 
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algebraically closed), we can find a sequence (0) = L, C Lni C04 C Lp 
= |K, L] C L,,C--+C Li", where each L; is an ideal in L and has 


dimension n —1. We select a basis ui,’ ° *, Un for L over F such that each 
7} 

L; is spanned by Uin’ - -,u, Then, if we write [up u| = X Cyrur, with 
k=1 


Cyne F, we have ciz = 0, unless k Z= t, k Z= 7, and k >r. 

Applying Lie’s theorem to the solvable Lie algebra spanned by L and a 
single element z of K, we conclude that [x, L] is nilpotent on every finite 
dimensional K-module. Hence [[æ, L], Lja] C L; (j= 1,- :,n) for every 
æe K, whence [[K, L], L;,] C L; We have therefore cy = 0 if i>r. 

Next we consider a finite dimensional K-module F. Regarding V as an 
L-module, we can (with the same justification as was used above) find a 
basis ¥1,° © Um for V which is such that, for each k, L-v, is contained in 
the space spanned by 42, : * +,Um. It follows then as above that [K, L] vp is 


contained in the space spanned by Uras, Um. If we write 4: 0; = > Cis Urey 


with eys in F, we have therefore e;y3 — 0, unless k =j; and, for i>r, 
€j; = 0. These facts concerning the coefficients epp and ci, will sometimes 
be used implicitly in what follows. 

Certain elements of our power series ring P will play a Re dus 


role below. These are the following exponential series: c, — exp( > Cpp); 
and e; == exp( > pijp). We denote by Q the subring of P which is AE 


by F, the £y fie —1,---.%), the c and their inverses (îi == 1,:-:,#), and the 
e; and their inverses { j—=1,:::,m). Correspondingly, we replace B by 
the subring Ọ of B which is generated by Q and the differentials da,. Evi- 
dently, Q coincides with its calculus closure. From Lemma 1, it follows that . 
if b is an element of C* such that db == 0 there is an element c in C such 
that de = b. 

We shall construct an isomorphism of the complex (4,8) into the 
complex (C,d). Let a,:--,a, be the basis of A? which is dual to the 
basis Us’ °°, Un of L, so that ai(u;) == 8 (Kronecker symbol). Then the 
definition of 6 shows that ŝa; = — È Cd If an isomorphism of (A, 8) 

J 


into (C, d) leaves the elements of F fixed and sends each a; into b; we must 

therefore have db; = — >) Cib;br. We can write these conditions in the 
i<k 

form db; + 2 Cib jb = — 2 Cini ibe For «<7, these conditions become 


simply db, = 0. Accordingly, we shall define b; = dz, for t & r. Next we 
observe that cj; — 0 i$ 7 21, and also if j >r. Hence, if 1 > r, our conditions 
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r 
on the b; may be written db; + d( > Cpu£p) bi = — Dd, Cyridjby. These con- 
p=1 IK 
ditions are equivalent to the conditions d(œb;) = — i SX cmb;bx. 
z Jt 


Now suppose that tœ r, and that we have already found elements 
bi: °°, bia in C+ which satisfy the above conditions and which are further- 


s-1 
more of the form ),=c,'da; + > qudæ, where the qs are elements of Q 
t=1 


which do not involve £s’ :,2. Write m— 3) Cmb;br, and, correspon- 
GEA 


r r 
dingly, P;— ©, Cyridja,. Similarly, set T; = > Cpüud8p and Ri = Dd Cri. 
FUNG p=1 p=1 


We have ĝa; + Ria; + P;— 0. Hence, applying 6, (8f;)a,— Ada; + dP; = 0. 
Substituting Ra; + P; for — ôa; and observing that k; = 0 (for kie At), 
we obtain (0%) + RiP: + 56P;—0. Since RiP; + SP; involves only the aÿs 
with 7 < îi, this implies that we must have #,P,;+6P;—0. Evidently, it 
follows from this that we have also rip; + dp; —0. But this means that 
d(c;p:) = 0. By Lemma 1, we can find elements q; in Q such that dg; = — Cipi, 


4-1 
and furthermore such that q; = ci È qudt, where the qu are as in our induc- 
f=1 


tive assumption. (Note that we have t > r, and that t’ - -,2z, do not enter 
in this consideration.) Now we define b; = c+ (dx; + qi). Thus we can find 
b1,° > >, bn in C which satisfy our above conditions and which are further- 


more of the form described in our inductive assumption. From this form of 
the bÿs, it is clear that the dz;’s can be expressed as Q-linear combinations 
of the b;ÿs, whence the 0,’s constitute a free basis for C1 over Q. The map 
which leaves the elements of F fixed and sends each a; into b; is therefore an 
- F-linear isomorphism of A? +- 41 into C° + C+ and extends uniquely to a 
ring isomorphism ¢ of A into C. By the construction of the b;s, we have 
dọ = ġò on A? + A, whence it follows that dé = 90 on all of A. Thus ¢ 
is an isomorphism of the complex (A,8) into the complex (C,d). Now we 
define, for each we L, an antiderivation C, of degree — 1 on C such that 
Cu = Cap. In fact, we define C,(¢(a)) = (a) = a (u), for ae At. Since 
the bs constitute a free basis for C% over Q, this map Cu extends uniquely 
to an antiderivation of degree — 1 of C which clearly has the desired property. 
Now we define the derivations Tu of degree 0 of C by setting Ty = Cud + dOn. 
We have then Tip — ¢t,. Hence we find also (7,0, — CyTu) p = Cuvio, 
for all u and v in L. This shows that the antiderivation of degree — 1, 
Tulo — Cox — Cio, vanishes on Ot, whence we may conclude that 
Duo — Cou = C iuw on all of C. Observing that Tud = dTa, we derive 
from this, by writing T, = Cid + dC), that TuTo — ToTu = T uol. 
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In particular, this shows that Q becomes an L-module with the operators 
Ty. It is easily seen from our definitions that, for «=r, Ta (2) = 8y. 
Hence Ty, maps each exponential of a linear form in £, * -,2, into an F- 
multiple of itself, which is zero whenever u e [K, L]. Furthermore, it follows 
inductively from the form of the bÿs that, for any i, and any we L, T,(a%) 
does not involve 2;,:--:,2,. From these facts, it is not difficult to prove 
the following critical result. 


Lemma 2. Every finite dimensional subspace (relative to F) of Q 18 
contained in a finite dimensional L-submodule of Q. Furthermore, [K, L] 
is nilpotent on every finite dimensional L-submodule of Q. 


Proof. Let M > 1 be an upper bound for the total degrees in the sxs 
of the elements T,,(2:). In counting degrees, the exponentials are ignored, 
i.e. they are regarded as elements of degree 0. The weight w(g) of a 
monomial gq=—=2,™:+-+-a," is defined as w(q) = 2 mM”. If q is an 


arbitrary element of Q, w(q) is defined as the maximum of the weights of the 
monomials occurring in q. If g is an ordinary polynomial in F[a,,---, £a] 
the weight of 7,(q) = ÈX Di(q)Tu(%) is at most equal to the maximum of 


the n numbers w(q) — M?i + MM, whence w(T,(q)) < w(q), for all 
geFla,:-+,%]. If q is a polynomial and e an exponential we have 
Tu(eq) = weg + eT,(q), where aeF; and a=0 if ue [K, L]. It is now 
clear how one can complete the proof of Lemma 2 by a simple accounting of 
the weights. 

Now we form the tensor product V @ o relative to F and make a 
complex (V @C,d) by extending d over V@C in the same way as we 
extended & in our construction of the complex (V © 4,8). Our isomorphism 
@ of (4,8) into (C, d) evidently yields an isomorphism of (Y @ 4,8) into 
(V @ C, d) which sends v&a into v®¢(a). On the other hand, we shall 
prove that the complex (V @ C, d) is isomorphic with the complex (Cm, d), 
where Cm is the direct sum of m copies of C, and d is applied coordinatewise 
on Cm. We shall treat C,, as a C-module in the natural fashion, and our isomor- 
phism will be C-linear. In V @ C, we have dv; = 2 uv; © bi = — À lintr © Di. 


Hence a C-linear isomorphism of (V @ C, d) ‘ate (Cm, à) mange map the vj 


into elements w; of Cm? = Qm which satisfy the relations dw; = > ¢ij,Wrdi. 
4,40 


These relations may be written in the form dw;—w; > CpjjAlp = 5 ( =, CUT by 
p=1 į=1 


or, equivalently, d (w; er 1) = 5 ( = CijxWy) bie; *. Let y; denote the element 


i=1 
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of Qm Whose j-th component” is equal to 1, while all its other components are 
equal to 0. For j = m, our above condition becomes simply d(wWmém*) = 0. 
Accordingly, we define Wm = Ym€m. Now suppose that we have already found 
elements Wm, Wmas * *, Wt such that the above relations are satisfied, and 
furthermore such that each wg is of the form wy = Yrer + fr, where fr YruQ 
HY +e + ymY. Put p= 2 2 eyre) © b, P;— 2 ( È eiWe) bi 
and 1; = Ñ épjjd2,. Then we have dv; = v; Q r; + p; Applying d, we obtain 


0 = TRA + dp; Substituting v; @ r; + p; for dv; we get pyr; + dp; = 0. 
From this it evidently follows that we have also Py; + dP;—0, whence 
d(Pje;1) = 0. By Lemma 1, there is an element h; in yjuQ + Y +: °° 
+ YmQ such that dh; = Pet, We set w; = (y;-+h;)e; Hence we can 
successively find Wm,’ *',W, which satisfy our above relations and are of 
the form deécribed above. From the form of these elements, it is clear that 
they constitute a free basis for Cm over C. The C-linear map which sends 
each v; into w; is now seen to be an isomorphism of the complex (V @ C, d) 
onto the complex (Cm,d). This gives the following main result of this 
section.” 


Lemma 3. Let K be a Ine algebra over a field F of characteristic 0, 
and let L be a solvable finite dimensional ideal of K. Let V be a finite 
dimensional K-module. Then there exists a finite dimensional L-module U 
on which [K, L] is nilpotent, which contains V as an L-submodule, and which 
is such that the canonical homomorphism H(L,V)— H(L,U) annihilates 
every cohomology class of positive dimension. 


. Proof. It is easily seen that there is no loss of generality in supposing 
that F is algebraically closed. Then we can use the above imbedding of 
(V@A,8) in (Cn, d). Clearly, Lemma 1 extends to Cm. Hence every 
cohomology class for L in V which is of positive dimension is represented in 
‘Om by an element of the form dc. The coefficients in Qm of c when expressed 
in terms of the 0,’s, together with the elements of V (identified with a sub- 
space of Qm), span a finite dimensional subspace of Qm which, by Lemma 2, 
is contained in a finite dimensional Z-submodule of Qm. Since the vector 
space H(L, V) is finite dimensional, it is now clear that the L-module U of 
Lemma 8.can be found as an L-submodule of Qm. 


* The result of Lemma 3, except for the fact that U can be chosen so that [K, L] 
is nilpotent on U, is proved by a very different method in [8]. The proof given here is 
essentially that of [9]. 
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2. Zassenhaus’ module enlargement. We shall require a slight refine- 
ment of a result of Zassenhaus on enlargements of modules. In proving it, 
we follow Zassenhaus quite closely. 

Let S be a finite dimensional Lie algebra over an arbitrary field F, and 
let Ag denote the universal enveloping algebra of S. Ag is generated by 1 
and the elements of S. We define an increasing filtration of Rg by subspaces 
Ry such that R Ra C Rpg, as follows: for m < 0, By == (0); Ro =F; for 
m = 1, Em is the subspace of Æg which is spanned by all products (in Rg) 
of no more than m elements of S. Then the associated graded ring À Rm/Rm- 


is isomorphic with the symmetric algebra built over S, 1. e., with a polynomial 
algebra in n variables, where n is the dimension of S. From this one verifies 
easily that the maximal condition holds for the ideals (left, right, or two 
sided) of Hy. On the other hand, one shows easily that, if R is any algebra 
over F and A and B are ideals of finite codimension in À (i.e., R/A and 
R/B are finite dimensional) and if, furthermore, B is finitely generated as an 
R-module, AB is also of finite codimension in R. Hence one concludes that, 
if A and B are ideals of finite codimension in Ag, so is AB. 

‘Now consider a finite dimensional Lie algebra K which is of the form 
K = 8 + L, where § is a subalgebra and L an ideal in K, and Sn L = (0). 
Then we have Rs C Rg, Ry, C Rg, and Rx = Rss == RiEs. From now on, 
the word ideal will mean two sided ideal. If C is an ideal of Rg, we denote 
by C’ the set of all elements ce C for which the commutator space [Z, c] 
is contained in C[S,L]. It is not difficult to verify that O’ is still an ideal 
of Rs. Furthermore, if C is of finite codimension in Rg, so is C’. In fact, 
let 2,° * °, Zą be a basis for L which contains a basis 2,- > -, 2p for [S, L]. 
Now observe that le Rs’, whence Ry’ = Rs, so that, for every te Rg and 


p 
every index i=1,---,q, we have [2,2] = È sy(z)zp with sy(x) e Rs. 
fut 


Since the zs belong to a free system of generators for Rg over Rg, the 
coefficients s; (x) are unique, whence the s, are linear maps of Rg into itself. 
Put Qi = sy (C). Then C’ is evidently the intersection of C and all these 
Qi; Since Rg/Qi; is isomorphic (via sy) with a subspace of Rs/C, it is 
finite dimensional. It follows now by an elementary argument that Rg/C’ 
is also finite dimensional, which was our assertion. 

We are now in a position to prove the result alluded to above. 


Lemma 4 Let K be a finite dimensional Lie algebra over the field F, 
and suppose that K — S + L, where S is a subalgebra, L an ideal, and 
SN L= (0). Let N be a finite dimensional L-module, and suppose that 
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[S, L] is contained in an ideal of L which is nilpotent on N. Let M be a 
K-module which, as an L-module, is contained in N. Then there exists a 
finite dimensional K-module Z which contains M as a K-submodule and N 


as an L-submodule. 


Proof. Make a composition series (0) = M CN C:::CN,=N, 
such that each factor module N;/N;, is L-simple. Let A be the set of all 
elements of Ry which annihilate each N;/Ni.. Since [S, L] is contained in 
an ideal of L which is nilpotent on N, we have [S, L] C A. Since A con- 
tains the annihilator of N in Rz, it is of finite codimension in Rr. As we 
have seen above, this implies that A” is also of finite codimension in y, and 
evidently A" annihilates N. Now let B, denote the annihilator of M in 
Shs = R$t, and define a decreasing sequence of ideals in Ag by putting 
(in the notation introduced above) By; = B/, for each t 1. Bı, and hence 
also each B; is of finite codimension in Rg. Now let C—B,kRr + BA 
4. -4+ BA" + RsAr. One verifies in a straightforward fashion that C 
is an ideal of Rg. Furthermore, we have a finite set æ,,- * `, 2p of elements 
of Rs which span Rg mod. B,, and a finite set y1,- - -, Yq of elements of Ay 
which span Rr mod. A”. The products xy, span Rg = RsRr mod. B,Rr 
+ RsAr and a fortiori mod.C. Hence’C is of finite codimension in Rr. 
Using that Rs is the direct sum of the subspaces F and Rg‘, we see from the 
definition of C that C N Rr = À", and therefore annihilates N. 

Now put T = (Rx/C) © N, where the tensor product is taken with 
respect to Az. T is an Rx-module in the natural fashion, and, since C is of 
finite codimension in Rx, T is finite dimensional. Let T, be the tensor product 
(Rx/C) @ M with respect to Ry. Since C annihilates M, we may regard M 
as an Rx/C-module, so that there is a canonical homomorphism of T, onto if. 
Let H, be the kernel of this homomorphism, and let H be the canonical image 
of H, in T. Clearly, H is an Rx-submodule of T, and we define Z to be the 
Rg-module T/H. We claim that the map n>1®n+4 is an Rr-iso- 
morphism of N into Z, and that its restriction to M is an Rx-isomorphism: 
of M into Z. 

In order to prove this, we observe that we have (O + Rz) N (C + Rg*Rz) 
== Č. Hence, as a right module over Rr, Rx/C is the direct sum of the sub- 
modules (C + Rr)/C and (C + RstRr)/C. By a standard result on tensor 
products, (R/C) © N is therefore canonically isomorphic with the direct 
sum of the partial tensor products corresponding to our decomposition of 
fix/C. Since Č N Ry annihilates N, the tensor product of (C + Rz)/C by 
N may be identified with N, and our map of N into Z then reads simply 
n—>n -+ H. The elements of H are precisely the elements of the form 
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m + Su; Om, where m and the m; belong to M, and the u’ are the cosets 
4 
mod. C of elements u, in Rs*Rz Such that m + È wu: m; = 0, in M. From 


this it is clear that H N N = (0). Hence we conclude that our map of N into 
Z is an #,-isomorphism. Finally, if me M and re Rg, write r—a- b, 
with acR, and beRstRr Then we have, r-(m+H)=r@m+t+H 
=a m+b@m+H—=a m+b m + H =r- m -+ H, whence the restric- 
tion of our map to M is an RK-isomorphism. This completes the proof of 
Lemma 4. 


3. Effacing of cohomology classes. A cohomology class c in H(L, V) 
is called effaceable if and only if there exists a finite dimensional Z-module 
U containing V such that the canonical homomorphism H (L, V) — H(L,U) 
annihilates c. If c is effaceable, and if U is such a module, we shall say 
that c is effaced in U, or that U is an effacing module for c. Everything 
we have done up to now was aimed at the following result. 


THEOREM 1. Let K be a finite dimensional Lie algebra over a field F 
of characteristic 0, and let M be a finite dimensional K-module. Let S be a 
maximal semisimple subalgebra of K. Then a cohomology class for K in M 
is effaceable if and only if it is annihilated by the restriction homomorphism 
H(K, M) > H(8, M). 


Proof. Since every finite dimensional S-module is semisimple, the 
canonical homomorphism H(S,M) — H(S,N) is an isomorphism whenever 
N is finite dimensional and M C N. It follows that the condition of Theorem 
1 is necessary. 

Now let L denote the radical of K. Then, as is well known, we have 
K—$S+Z, and SN L= (0). By Theorem 13 of [5], there is an iso- 
morphism x of the tensor product (with respect to F) H(S, F) ® H(L, M)*% 
onto H(K,M), where H(L, M)* is the subspace of H(L, M) which consists 
of all the cohomology classes that are annihilated by K in the canonical 
structure of H (L, M) as a K-module. Under this isomorphism x, the sub- 
space D H?(S, F) @ H9(L, M)* corresponds to H"(K, M). The isomor- 

prq=n 


phism dx can be described explicitly in terms of cochains, and it is then 
easily seen (in [5]) that it has the following properties. If p denotes the 
restriction homomorphism H (K, M) — H (S, M), then pdx is an isomorphism 
on H”(8,F) Q H°(L,M)*®. Furthermore, if N is a finite dimensional. 
K-module containing M, and if y denotes the canonical homomorphisms 
H(K,M)—H(K,N) and H(L,M)—H(L,N), we have ydy(u®v) 
== dy(u®-y(v)), forall we H(S, F) and all ve H(L, M)E, 
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Now suppose that ce H"(K, M) and p(c) —0. Writec—¢u( > Wa); 
pren 

with Wwpg£ H? (S, F) @HA(L, M)E. If ġ>œ>0 we have ppm(Wpg) == 0, by 
the definition of pa. Hence p(c) — 0 implies that ppm (Wn) = 0, whence 
we conclude that wno ==0. Thus c = dar(Wa11 ++ * © Won). Combining 
Lemmas 3 and 4, we see immediately that there exists a finite dimensional 
K-module N containing M such that y annihilates every H2(L, M} with q > ©. 
For this module N, we have y(c) — 0, by what we have remarked above. 
This completes the proof of Theorem 1. 

It was shown by Iwasawa in [6] that every two dimensional cohomology 
class for a finite dimensional Lie algebra in a finite dimensional module is 
effaceable. In characteristic 0, this follows from Theorem 1 and the well 
known fact that H?(S,M) = (0). In characteristic p, Iwasawa’s result is 
much easier to prove. For the sake of completeness, we shall give a simplified 
version of Iwasawa’s proof, using the technique of Jacobson, [7]. 

Let K be a finite dimensional Lie algebra over the field F of characteristic 
p, let M be a finite dimensional K-module, and f a 2-cocycle for K in M. 
Regard M as an abelian Lie algebra, and consider the extension (EF, ¢) 
of M by K which is determined by f. The space of Æ is the direct sum 
(K, M) of K and M, the commutation is given by [ (#1, m1), (22, m2) ] 
== (fm, dl, ti Mo — tm +f(m,m)), and e(z, m) =g. For ec, 
denote by D, the inner derivation of # which is effected by e, so that 
D,(e’) =[e,e’]. Then each p*-th power of D, is a derivation of E. 
Let (2%,°°:,2) be a basis for K and write D; = Deno) Then, for 
each 4, some non trivial F-linear combination 2 ax D must vanish. Put 


Ui = >, dix (4, 0). Then each u; belongs to the center of Ry. Let U be 
k 


the ideal of Es which is generated by u,,: - +, Un, Put N = Rz*/(U + MRyr*). 
It is easily seen that N is finite dimensional. The left multiplications of Rg 
induce on N the structure of an Rr-module. We claim that the map 
m—>m-+-U + MRp* is an Rr-isomorphism of M into N. ‘Indeed, for ce K, 
we have x: (m + U + MRa) = (x, 0)m + U + MRet =e m + U + MR, 
whence our map is an Rr-homomorphism. On the other hand, we can write 
the elements of Ryp uniquely as linear combinations of ordered monomials in 
the elements of a basis of M and the elements (2,0). Each ordered monomial 
occurring in an element of U must have positive degree in at least one of 
the (z; 0), and each ordered monomial occurring in an element of MRy* 
must have total degree at least 2. Hence M N (U + MRr*) = (0), and 
therefore our map M —> N is an isomorphism. 


' Now put g(x) = (z, 0) + U + MRnt, for ve K. Then g is a 1-cochain 
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for K in N, and one checks directly that ôg —f. Thus N effaces the 
cohomology class of f, and Iwasawa’s result is proved also in characteristic p. 

Now we recall (cf. [3]) that the cohomology groups of a Lie algebra 
K can be computed also from the complex of cochains for Rx* in the module M. 
These cochains are the n-linear functions (n == 0,1,-- +) from Rg* to M, 
and the coboundary operator $ is defined by the formula 


89 (To, ° ° "s Tn) = To G(r" ° tn) F È CD Cro " "5 Tiai’ ' "3 Tn). 
q= 


If Q is an ideal of Ag* which annihilates M, so that M may be regarded 
also as an Rx*/Q-module, there is an evident canonical homomorphism of 
H(Rxrt/Q,M) into H(Rx*', M). We shall say that a cohomology class c is 
of finite type if it belongs to the canonical image of H(Rrt/Q,M) in 
H (Rgt, M) = H(K, M), for some ideal Q which is of finite codimension in 
Rx* and annihilates M. We shall then say also that Q reduces c. We assume 
throughout in what follows that K and M are finite dimensional. Then it is 
almost evident that every 0-dimensional cohomology class for K in M is of 
finite type. Indeed, such a cohomology class is represented by an element of 
M which is annihilated by Ext, and we may take for Q simply the annihilator 
of M in Art. Similarly, we see at once that every 1-dimensional cohomology 
class for K in M is of finite type. In fact, we may take for Q the square 
of the annihilator of M in Rx*. 

Next we observe that, in positive dimensions, every cohomology class 
which is of finite type is also effaceable. In fact, if Q is an ideal of Rgt 
which reduces the cohomology class ¢ of positive dimension, the module 
Homr(fx/Q,M) of all F-linear maps of Rg/Q into M is an effacing 
module for c. 


THEOREM 2. very cohomology class of dimension 0, 1, or 2 is of finite 
type, and every effaceable cohomology class of dimension 3 is of finite type. 


Proof. We have already disposed of the trivial cases of dimensions 0 
and 1. Now let c be a two dimensional cohomology class for K in M. 
We have seen above that there is a finite dimensional effacing module N 
for c. Let Q be the annihilator of N in Rxr*, and let f be a 2-cocyle for Rgt 
in M which represents e. There is a 1-cochain g for Rg* in N such that 
f(r,s) =r: g(s) —g(vs), for all r and s in Rx*. Taking r in Q, we see 
that g(QRx*) C M. Take a 1-cochain h for Rg* in M which coincides with 
g on QRxt. Then the cocycle fı == f— èh still represents c. We have 
f1(Q, Er?) = (0), and a fortiori fı (Q°, Rgt) — (0). Using also that f, is a 
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cocycle, we find that f,(Rx*, Q°) = (0). Hence c belongs to the canonical 
image of H(Px*/Q?,M). Since Q is of ‘finite codimension, so is Q?, and 
we have shown that c is of finite type. 

Finally, suppose that c is of dimension 3 and is effaced in the finite 
dimensional K-module N containing M. Then c is the image of a cohomology 
class e in H?(K, N/M), under the coboundary map of the exact sequence for 
the pair (N, M). As we have just shown, e is of finite type. Let P be an 
ideal of finite codimension in Rg* which reduces e. Then we can find a 
2-cochain g for Rx* in N which vanishes on P @ Rx* + Re* P and which, 
when taken mod. M, represents e. Its coboundary 8g takes values in M and 
represents c. Let Q be the annihilator of N in Eg*. Then it is evident that 
ôg(u, v, w) —0 whenever one of u, v, or w lies in PNQ. Hence PNQ 
reduces c, and Theorem 2 is proved. 

Our last argument can easily be generalized to prove the following result. 


THEOREM 8. Let K be a finite dimensional solvable Ine algebra over a 
field of characteristic 0, and let M be a finite dimensional K-module. Then 
every cohomology class for K in M 1s of finite type. 


Proof. We merely have to observe that every cohomology class for K 
in M which is of positive dimension is effaceable, and then prove our result 
by induction on the dimension, the inductive step being exactly like our 
above proof for the case of dimension 3. 

Finally, we shall show by means of an example that not every effaceablz 
cohomology class is of finite type. Let § be a semisimple Lie algebra over a 
field # of characteristic 0, and let Z be the one dimensional Lie algebra 
over F. Put L= 8S @Z (direct sum). We shall exhibit a 4-dimensional 
effaceable cohomology class for L in F which is not of finite type. It is 
known that H°(S,F) 4 (0). Let f be a 3-cocycle for Rgt in F which is 
not a coboundary. We can evidently extend f to a 8-cocycle for Rr* in F, 
still denoted f, such that f(a, b,c) — 0 whenever one of the arguments a, 
b, or c lies in ZRz. On the other hand, let g be the 1-cocycle for Rrt 
in F such that, for some fixed non-zero element z of Z, g(z) —1, while 
g(Bs* + ZRrt) = (0). Now define h(a, b, c,d) == g(a)f(b,¢,d). Then k 
is clearly a 4-cocycle for Rr* in F. Since the restriction of h to Rs* is 0, 
it follows at once from Theorem 1 that the cohomology class of h is effaceable. 
We shall show that the cohomology class of À is not of finite type. In fact, 
suppose that it is of finite type, and let P be an ideal of finite codimension 
in Ær* which reduces it. Then there exists a 8-cochain k for Rz* in F such 
that (h — 8k) (a, b, c,d) = 0 whenever one of a, b, c, or d belongs to P. 
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Taking a = z, we find that we have 
f(b, c, d) + (zd, c, dY — k (z, be, d) + E (z, b, cd) = 0 


whenever one of b, c, or d belongs to P. On-the other hand, using that 
h(a, b, c, d) = 0 whenever one of b, c, or d is equal to z, and that z is in the 
center of Rz, we see that, whenever one of b, c, or d belongs to P, we have 


k(zb, c, d) = k(bz, c, d) — kb, ze, d) — k(b, z, cd) = k(b, cz, d) — k(b, z, cd) 
= k(be, z, d) + k(b, c, 2d) —k(b, 2, cd) = k(bc, z, d) + k(b, c, dz) — k(b, z, cd) 
— k(be, z, d) + k(b, cd, z) —k(be, d, 2) — k(b, z, cd). | 


Substituting this above, we find that f(b,c, d) —m(bc, d) + m(b, cd) — 0 
whenever one of b, c, or d belongs to P, where 


mu, v) = k(z, u, v) — klu, 2, v) + klu, v, 2). 


Now the restriction to Rs* of f + 8m represents the same cohomology class 
in HS(S,F) asf. The last result shows that this cohomology class is reduced 
by P N Rst which is of finite codimension in Est. Hence this cohomology 
class is effaceable, which is a contradiction because it is not 0, and S is 
semisimple. 


4, Finite dimensionality of kernels. Let M be a Lie algebra over the 
field F. Denote by D(M) the Lie algebra consisting of the derivations of 
M, and by I(M) the ideal of D(M) consisting of the inner derivations. 
If K is another Lie algebra over # we say that we have the structure of a 
K-kernel on M if we are given a homomorphism y of K into D(M)/I (M1). 
A linear map æ— ts of K into D(M) which becomes y when reduced mod. 
I(M) is called an operator map for the kernel (M, y). We can find a bilinear 
alternating map r from K to M such that fte ty] — tra is the inner deriva- 
tion of M which is effected by t(s, y), for all z and y in K. Such a map r 
is called a hindrance belonging to the kernel (M, y). The formal coboundary 


Gr (x, Y, z) = ta(r(y, z)) — ty(r(@, 2)) F tz (T (T, y)) 
—r([z, y], 2) + 7 (Cr, 2], y) —7(Ly, 2], 2) 


lies in the center N of M, on which there is an induced structure of a K- 
module (the operators being given by the ts). Furthermore, êr is actually 
a 3-cocycle for K in N, and its cohomology class in H*(K,N) depends only 
on the kernel (M,w), and not on our particular choice of # and r. This 
cohomology class is called the obstruction of our kernel (M, y). The kernel 
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(A1, w) is said to be extendible if it arises in the natural fashion from a Lie 
_ algebra extension of M by K, which is the’case if and only if its obstruction 
is 0. One can define an operation of addition of kernels with the same center 
N and then partition these kernels into equivalence classes, two kernels M, 
and M, being equivalent if and only if there are extendible kernels U, and U: 
such that M, + U,—M.-+ Us The equivalence classes of kernels with a 
fixed center N can be shown to constitute a vector space over F (the zero 
element being the class of the extendible kernels) such that our above asso- 
ciation of an element of H*(K,N) with a kernel (M, y) induces an isomor- 
phism of the space of the kernel classes into H? (K, NV). Moreover, we have 
shown in [4] that this isomorphism is onto by giving a construction which 
attaches to a given 8-cocycle for Rg* in N a kernel (M, y) with center N 
whose obstruction coincides with the cohomology class of the given 3-cocycle. 
If the given 3-cocycle is the canonical image of a 3-cocycle for Rg*/Q in N, 
where Q is an ideal of finite codimension in Ax* and annihilating N, we can 
carry out our standard construction with the algebra Rx/Q in the place of Rx. 
This yields (assuming that K and N are finite dimensional) a kernel (M, y) 
which is finite dimensional and still has the same obstruction. Hence we 
have the following result. 


THEOREM 4. Let K be a finite dimensional Lie algebra over a field F, 
and let N be a finite dimensional K-module. Then every cohomology class 
in H3(K,N) which is of finite type, or, equivalently, which is effaceable, 
is the obstruction of a finite dimensional K-kernel with center N. 


It seems likely that the converse of this result is also true. However, 
we have succeeded in proving this only in the case of characteristic 0. In 
this case, we have actually the following result. 


THEOREM 5. Let K be a finite dimensional Lie algebra over the field F 
of characteristic 0, and let N be a finite dimensional K-module. Let S be 
a maximal semisimple subalgebra of K. Then an element H*(K, N) is the 
obstruction of a finite dimensional K-kernel if and only if its restriction to 
S is 0. 


Proof. If ce H?(K,N) and if its restriction to S is 0 then c is 
effaceable, by Theorem 1. Hence, by Theorem 2, ¢ is of finite type. By 
Theorem 4, c is therefore the obstruction of a finite dimensional K-kernel. 

Conversely, suppose that c is the obstruction of a finite dimensional 
K-kernel (M,y). Then y(S) is a semisimple subalgebra of D(M)/I(M). 
There is a subalgebra Æ of D(M) which contains J(M) and for which 
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E/T(M) =w(S). Since every finite dimensional extension by a semisimple 
Lie algebra is trivial (which is essentially a consequence of the vanishing of 
the 2-dimensional cohomology groups of semisimple Lie algebras), we can 
find an isomorphism p of #(S) into F (and thus into D(M)) which is inverse 
to the canonical homomorphism of # onto y (S). Now we can evidently find 
an operator map z — ts which coincides with py on S. To this, we can find 
a hindrance + which vanishes on S8 S. Then êr vanishes on SO SOS, 
whence it is clear that the restriction of c to S is 0. 
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SUMS OF DISTINCT DIVISORS.” 


By B. M. STEWART. 


1. Introduction. For a given positive integer M, let «(Jf) indicate 
ihe number of integers n which can be written in the form 


(1) n= Dd 


where the d are distinct positive divisors of M. Obviously «(4f) = o(M), 
the sum of all the divisors of M. 

For a given set S of integers M, define S* to be the subset of S con- 
taining those integers for which o( M) —«(4M) is minimal. 

Thus for the set J of all positive integers, the set I” contains all integers, 
such as M == 2*, for which e( M) — a(iZ) =0. However, for the set O of all 
odd integers M = 5, the set O* contains all integers, such as Af — 945, for 
which o(M) —a(M) = 2, for certainly both 2 and o(M) —2 defy repre- 
sentation in the form (1). 

In this paper we give complete structure theorems for Z* and O* and 
indicate their application to problems of the Egyptian fraction type. We 
also show that the function «(M)/e(M)}) is everywhere dense on the interval 
0 to 1. 


2. Structure theorems for *. It is clear that M — 2* belongs to I*, 
because any n in the range 1= n © o(M) == 2*"—1 when written in the 
binary notation is in the form (1). 


TaxoreM 1. If M belongs to I* and p ts a prime with (p, M) — 1, 
then a necessary and sufficient condition that M’ == p*M, k = 1, belong to I* 
is that p = o(M) + 1. 


Proof. The smallest divisor of W’ not a divisor of M is p. If 
p > o(M) +1, then n=«o(M) + 1 defies representation with respect to W. 

Conversely, suppose pÆ=o(M) +1. We show by induction that 
pi S o(p*'M) -+ 1. This is obvious for t= 1. Using the induction hypo- 
thesis on k, we have À 


* Received May 23, 1953, revised January 28, 1954. Presented to the American 
Matematical Society, April 25, 1953. i 
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ph" S po(p M) + pS po(p >M) + o(M) +1—0o(pM) +1. 
We assume as an induction hypothesis that p*-1M belongs to J*. To show 
that M’ p*M belongs to I*, we consider the intervals ranging from Qp” 
to Qp" + o(p M) for Q —0,1,: - -,a(M). It follows that no integer n 
in the range 1=n<o(M’) is omitted from all these intervals. For on 
the one hand, because p* = o(p**M) + 1, we have 


(Q + 1) pS Op? +o (pM) + 1, 


hence the intervals are overlapping or contiguous. On the other hand, the 
intervals include 1 and p*o(M) + o(p >M) —o(M’). Thus each n can 
be written 


n=QP+R O05@QSo(M), 0<R<o(# M). 


Since M and p*-1M are assumed in I*, we can write Q = X d, where the d 
are distinct divisors of M, and we can write R= > D, where the D are 
distinct divisors of p**M. Then 


n= Sd + SD 
where the d’ == p*d are distinct from the D because of involving the factor p* 
and both the d’ and the D are divisors of M’. Hence J’ belongs to J*. 
COROLLARY 1. M belongs to I* if and only if M is of the form M = 2+, 
a = 0, or of the form 
M == 249,%- - -p a1, z1, j=1,2,-- -,&, 
where the primes p; satisfy the following conditions: 
DRE P << Py pı = o(2*) +1, and 
pi So(R pt ps) 1, j=; -k1 
Proof. It is easy to see that 1 is the only odd number belonging to I*. 


We have noted that M — 2¢ belongs to J*. The corollary then follows from 
Theorem 1 by induction on #. 


8. Practical numbers. A. K. Srinivasan [1] has defined a practical 
number M (i.e, a number of advantage for use in weights, measures, or 
coinage), requiring that M have property (1) for all n with 1=n= M. 
But he failed to find a complete structure theorem for these numbers. 

Tt is obvious that every number belonging to I* is a practical number. 
We show below that the converse is true. It follows that Corollary 1 answers 
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Srinivasan’s question about the. complete structure theorem for practical 
numbers. . 

To establish that every practical number belongs to I*, we simply review 
the proof of Theorem 1, noting that if M is assumed practical, the criterion 
of Theorem 1 applies to decide whether MW = p*M is practical. For if 
p >o(M) +1, then not only does n==o(if) +1 defy representation in 
the form (1) relative to W’, but also n < W. Thus the condition of 
Theorem 1 is necessary for M’ to be practical. Since the condition is 
sufficient to make M” belong to J*, it is sufficient to make W practical. 


4, Values of &(M)/a(M). We need the following lemma. 
LemMA 1. If pis a prime such that p > o(T), then 
a(pT) = a(T) {a(T) +2}. 


Proof. Every sum of divisors of pT must have the form n = mp + ne 
where n, and ns are either 0 or a sum of divisors of 7. Furthermore, since 
the maximum value of n is o(T} and p >o(T), no two of these n can be 
equal unless they have the same n, and nm Since there are «(T') + 1 choices 
for each of n, and na, except that the choice 0,0 must be omitted, we have 


a(pT) = (a(T) +1} —1— a(T){a(T) + 2}. 
We define s(M) — a(M)/o(M). 
THEOREM 2. The values of s(M) are everywhere dense on the interval 
0 to 1. 


Proof. For given real numbers v and y such that 0 < z < 4 5S 1, we 
must produce an integer K such that x < s(K) <y. We try to find 
K == pM where M is in I* and p > o(M), for then by Lemma 1 


s(K) = s(pM) = (M) {o(M) + 2}/(p + Lo) = {o(M) + 2}/(p + 1). 
If we set u == 1/y, u(1 + €) = 1/2, our problem is to find M and p so that 
u{o(MW) +R} < p +1 <u{o(N) +2}(1+e). 


On the one hand we know from Theorem 1 that there exist arbitrarily large 
numbers M belonging to J*. On the other hand we have the Cahen-Stieltjes 
theorem that for any e > 0 and for sufficiently large v == u{o (M) + 2} there 
must exist at least one prime p in the interval v— 1 < p < (v—1)(1+6), 
hence such that v<p+1<v(1+e). Since u = 1, such a prime p has 
the required property p > o(M), which completes the proof. 
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It seems difficult to decide whether s( M) will take on a specified rational 
value. Even s(M) = 1/8 requires some search before we find a solution 
such as M == 12-89. For s(M) = 4/5 the simplest solution we know is 

M = 28-73 -47269. ` 


5. Structure theorem for O*. A necessary condition that M belongs to 
O* is that M be a multiple of 15, for unless M has the factors 3 and 5, the 
numbers n == 3 and n = 5 will be exceptions to (1). 

Arrange the r divisors d; of M in natural order 


di = 1 < do = 8 < dz; = D <: s -< dr = M, 
and let o; denote the sum of the first i of the d.. 


THEOREM 3. Necessary and sufficient conditions that M = 15T belong 
to 0* are that for i = 3, 


either (a) di = oi — 2, diss E ori — 4; 
or (b) dir == 0i — 4, dise = p; — 2. 


‘Proof. For numbers of O, it is clear that 2 does not have the form (1). 
Because of the ordering of the d; it follows that if dı >o;— 2, then 
n —=0;,—2 does not have the form (1). If di. —o,—4, then n = 0, — 2%? 
= din + 2 again defies representation unless dj,.—«o;—-2. Therefore the 
conditions (a) or (b) are necessary when 1 = 8 if M is to belong to O*. 

Conversely, suppose (a) or (b) satisfied when t = 3. As an induction 
hypothesis on 4 assume when 3 S1 S 7—1 and 2< 4 < o,—2 that either 
æ= >) d using distinct d S d; or that t—o,,—2 = di +- 2 = din. This 
hypothesis is easily verified when 1 = 3. 

Consider y where 2 < y < oi, — 2. When y¥<o,—2 set y =s and 
use the induction hypothesis to write y= $, d where d= dim. When 
ci — Ê? Sy <L om —2 set y = du +2 and note from (a) or (b) that 
0Zr<o—2. Except when s=? or s == di = dj + 2, it follows from 
the induction hypothesis that y — X d with distinct d & din. 

When v = du = di + 2 = 051 — 2 we find that y = din + £ = di + Tia 
0 When s=}? the conditions o —? S y = di, +2 and din S o —2 
imply that either y = cn oi — 1, or 035 —?. The first two cases obviously 
allow y — Sid with d= din. The last case y — dis + 2 = 03 — 2 because 
of (b) has the representation y = dise. 

Thus we have established for the case 4 + 1 the exact counterparts 
of the induction hypothesis on 2 It follows that every m satisfying 
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2 <n < o(M) —2 has a representation (1); so do n = 1, o(M/) —1, and 
o(M), hence M belongs to O*. . 


THEOREM 4. If M belongs to O* and p is an odd prime, then W = pM 
belongs to O* if and only if 


2p So(M)—2, 2p~o(M) —4. 


Proof. Let the divisors and partial sums of W’ be indicated by d; and 
oÿ, respectively, and note that the only divisors of W which are not divisors 
of M are multiples of p** where M = peA, a= 0, (p, A) = 1. 

Supose that the first t divisors of W’ coincide with those of M, so that 
d,—df,i+=t, 3%. Then the properties (a) or (b) of M as described in 
Theorem 3 carry over to W for 31 < t. 

Next consider cases t & r < k where d, S di! < drt SS dru. By Theorem 
3 applied to M we have 


dices’ = Ares = Sr — À < Gr + pr —4 = on oo" 4, 
hence case (a) holds for W’ and k. 
Finally, consider cases where M <= dy’ < du SM’. Then den’ =W /d; 
where d; < p hence d; divides M as the notation indicates. When M/d; > 5, 
it follows from Theorem 3 applied to M for i = 3 that 


M/d; S o(M) — M/d,— M/d,—-+ - -— M/d;— 2. 
Hence 
diay’ = pM /d; = po(M) — M’/d, — M / d —: - -— M’/d; — 2p 
< eld) + po(M) — W /d, — M’/d, —- ce W / di — 4 = og — 4, 


so that case (a) holds for W and k. There remain only the possibilities 
that dus” = p, 3p, or 5p with M < drn’. In case 3p < M < 5p we have 
p< M/3 <o(M) —4, hence dr == 5p < o( M) + p + 3p — 4 = 07 — 4 
so that (a) holds for W and k. In case p < M < 3p or M < p, the condition 
dr = 8p S ok —2 =o (M) + p—2 is necessary for M’ to belong to O*. 
The contingency suggested by (b) is ruled out for it would require 
drn = 8p = drg — 2 == 5p — 2, hence case (a) must hold with 3p o(M) 
+ p— 4. Thus the conditions of Theorem 4 are necessary. Conversely, when 
these conditions are satisfied, then 


dina = 5p < o(M) + p +8p—4— 0x —4; 


and if M < p, the condition dpr = p < o(M) — 4 = 03 — 4 holds. 
Therefore for all k= 3 the conditions of Theorem 3 hold and W’ 
belongs to O*. 
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COROLLARY 4. If the prime p divides M and M belongs to O*, then 
M’ = pM belongs to O*. ° 


Proof. We have noted that M == 15T hence when p > 5, we have 
o(M) > 15p > 2p + 4; and if p= 3, or 5, we have o(M) > 15 > Rp +4; 
so the conditions of Theorem 4 hold. 

We cannot give any simple catalog for O* like that for J* in Corollary 1, 
because there are infinitely many different types of “base” numbers in O” 
instead of the single type 22 noted for Z*. However, a few examples will 
help fix ideas. 

Since M = 157 has c; = 9, it follows from Theorem 3 that if M is in O*, 
then d,==%. This implies o, == 16 and hence that d;=9, 11, or 13. It 
happens that all of 3837-5-7, 3-5-7-11, and 3°5-7-13 fail to belong to 0*, 
but only because d, > o71—%?. It is then easy to check, for example, that 
M = 3-5- 7p is in O* for any odd prime p = 108. In particular, when p = 3, 
we find M == 945, the smallest integer in O*. For use in the sequel, we apply 
Theorem 4 to see that M = 8¢-5:7 is in O* for a = 8. 

Another special case of interest is that if M, is the product of the first k 
odd primes, then M», is in O* when k = 5. 

The author is indebted to the referee for noting and insisting on possi- 
bility (b) in Theorem 3, despite the fact that the smaller numbers in O* 
consistently satisfy (a). By considering the arguments of Theorems 3 and 4, 
the author has constructed the following example: M — 3?-5?-7?-229pq where 
prime p = 2,641,663 and prime g = 7,924,991, such that M is in O* and has 
dse = 3p == 055 — 4 and ds: = q == gss — 2, so that case (b) occurs for 4 = 55. 


6. Egyptian fraction problems. Let a positive rational number with 
: numerator 1 be called a unit fraction. Then the usual Egyptian fraction 
problem is to show that any given positive rational number z may be written 
as a sum of a finite number of distinct unit fractions. A variation of this 
problem proposed by E. P. Starke [2] is to show that if s has an odd 
denominator, then « may be written as a sum of a finite number of distinct 
unit fractions with odd denominators. 

Whether u,=-1/n or un = 1/ (2n +1), the sequence {S;}, where 
Die U + Us +: Lux, is divergent, hence it is easy to replace the 
problem of representing an improper fraction x by that of representing a 
proper fraction A/B —«— S; where A/B < um is so small that unit frac- 
tions used in its representation cannot duplicate those used in the partial 
sum S; 
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For the usual Egyptian fraction problem easy constructions are known, 
but an amusing variant is provided by ours knowledge of numbers belonging 
to I*. By Corollary 1 we can find C, one choice being C = 2° for a sufficiently 
large a, so that BC = M will belong to J*. Since AC < M, we may write 
AC = $ d, using distinct divisors d of M. If we set dd’ = M, then 


A/B = AC/BC = X d/M = DS 1/d’ 
solves the problem. 
For Starke’s problem, our knowledge of numbers belonging to O* pro- 
vides the same sort of solution. We can find C, one choice being C = 3°(945) 


for a sufficiently large a, so that BC = M, by: Theorem 4, will belong to O* 
and so that 2 < AC < M, and then proceed as explained above. 
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PATHS AND CIRCUITS IN CRITICAL GRAPHS.* 


By JoHN B. Krrry and L. M. KELLY. 


1. Introduction. An admissible coloring of a graph is an assignment 
of colors to the nodes in such a way that no two nodes which are joined 
are assigned the same color. If, in coloring a graph G, k is the minimum 
number of colors which may be employed, then G is said to be k-chromatic. 
In analyzing k-chromatic graphs one is led naturally to a consideration of 
those graphs which ‘ just barely ’ need k colors. Specifically, a graph is called 
critically k-chromatic or k-critical if any proper subgraph can be colored in 
less than # colors. 

Each k-critical graph of order n has associated with it a maximal circuit 
length. Let the minimum of all such maximal circuit lengths for a fixed n 
and k be denoted by L;,(7).7 A number of theorems and conjectures advanced 
by Dirac [1] may be conveniently formulated in terms of this function. 
Thus, for example, he has shown that L,(n) = 2k—2 provided k = 3 and 
n = 2k—-2. We shall be interested here in the behavior of Z,(n) for large 
values of n. Dirac has conjectured that: 

(i) lim Lz(n) == 00 and (ii) lim inf L;,(n) /n4 > 0, k & 3. 
In section 3 of this paper we prove that (i) is true while in section 4 we show 
that (ii) is false when k — 4 and in fact that 


lim inf £,(n) /log?(n) = 8/log?(?27/4). 


We believe that (ii) is false for all values of & but have been unable to 
establish this. The determination of the true order of magnitude of Lz(n) 
even for k — 4 seems to be a difficult problem. 

Let S;(n) denote the function dual to L,(n), that is, the maximum of 
the minimal circuit lengths contained in the critical k-chromatic graphs with 
n nodes, n and k fixed. About this function we know even less than we know 
about Ly(n). We conjecture that lim sup 8;(7) =o, k= 8, but have 
been able to prove only that 1. u. b. S,(2) = 6, k = 3 or in other words, that 
there exist for any integer k, k = 3, k-chromatic critical graphs with no 
circuits of length less than 6. This is demonstrated in section 5. 


+ 


* Received March 2, 1954. 
1 Relatively simple examples show that the function L,(n) is defined for all n and 


kKk>3,n>k—i, nek +]. 
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2 Preliminaries. Definitions and Notation. 


Definition 2.1. A graph G is a collection of elements N called variously 
nodes, vertices, points, ete., and a collection Æ of unordered pairs of these 
elements. If (vı, %2) is an element of FE, then we say that v, and v are 
joined and the pair is called an edge. 


Definition 2.2. A subgraph of G is a subset M of N together with those 
edges (x,y) of E such that ve M and ye M. We note that every subset of 
the nodes N determines a subgraph. | 


Definition 2.3. A k-coloring of G, k a positive integer, is a mapping f 
of N into the integers 1, 2,- - -, & such that if. (v1, v2) € E, then f(v:) 54 f (v2). 
A graph G is called k-chromatic if it admits a k-coloring but no k — 1 coloring. 


Definition 2.4. A graph G is called critically k-chromatic or simply 
k-critical if it is k-chromatic but each of its proper subgraphs is r-chromatie, 
r< k. It is easy to show that if a k-critical graph has n nodes, then any of 
the subgraphs with n — 1 nodes is k— 1 chromatic. 


Definition 2.5. The order of a graph is the number of its nodes.” In 
this paper all graphs are of finite order. The degree of a node is the number 
of edges to which it belongs. 


Definition 2.6. A path in a graph G is a set of nodes v,02,° * +, Um 
such that (uv), (V2, Us),° °°, (Uma, Um) are all edges, together with those 
edges. The number of nodes is the length of the path. 


Definition 2.%. In the definition of a path it is understood that the 
nodes are distinct. If however we allow the first and last nodes to be 
coincident we then refer to the path as a circuit. The length of a circuit, 
is the number of its nodes. 


Definition 2.8. A graph is connected if each two of its points may be 
jomed by some path. A connected subgraph, not a proper subgraph of any 
connected subgraph of G, is a component of G. That is, a component is a 
maximal connected subgraph. 


Definition 2.9. A set S of nodes of a connected graph G is called a. 
cut set of G, if G— S is not connected. Here G — S is the subgraph defined! 
by the nodes of G which are not in 8S. Throughout the paper we shall use 
this notation. Thus A + B will be the subgraph of G defined by the set of 
nodes A and the set of nodes B. The index of a cut set S relative to G is 
the number of components in the graph G— S. 
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Definition 2.10. A graph G is Hamiltonian if there is a path in G 
including all the nodes of G. . 


3. The proof of conjecture (i). 


Lemma 8.1. If f is a k-coloring of a graph G, and P 1s a subset of p 
nodes of G, then there exists a k-coloring F of G such that 1S F(x) = p, 
ze P. 


Proof. If p =k there is nothing to prove. If p < k the lemma follows 
by a simple interchange of functional values. | 


THEOREM 3.1. If Pis a cut set of p points and of index r of a k-critical 
graph G, then r < pr. 


Proof. Suppose Ci, Cat © -,C, the components of G—P. Since 
G — C is colorable in & —1 colors, it follows that there is a coloring func- 
tion F defined on G— Cı with positive integral values less than k. Further- 
more this function may be so chosen that 1 = F(s) =p for xe P. This 


function F in turn induces coloring functions fiz, fiss f14,' © *s fir defined 
on C,+P,0;+-P,:--,C,+P respectively, such that 1S fu S k— 1, 
1S fule) Sp, ceP and fist) =fis(@) + = fr(æ), ve P. Similarly 
for G — Ca, ete. The resulting functions may be conveniently exhibited thus: 

— fiofrs 7S far 

f ALT ji 23 ° i er 

fates eas 


Clearly if r exceeds the maximum number of ways of coloring p points with 
p colors, namely p?, then the functional values of the functions in at least 
two of the rows, say 1 and 2, must coincide on P. That is fia (£) = fis (£) > 


= fr (T) = fa (£) = fo (£) =' + + for(v) for all v in P. Thus if we define 
fn(æ),zeG +P 
f(t) = . 
fule), seOl 
then the result is a k — 1 coloring of G contrary to the hypothesis. Therefore 
r< p. 


This result can easily be improved to r < pP. From this we conclude 
that a k-critical graph has no cut points and that a cut pair in a critical 
graph is of index 2. 
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THrorem 3.2 (Dirac). If in a connected graph G, the maximal degree 
of the nodes is v and the length of the longest path is 1, then the order of G 
cannot exceed v + v* + vf: - - vf. 


COROLLARY 3.2.1. If a graph G has c components, the maximal degree 
of the nodes is v, and the length of the longest path in G is L, then the order 
of G cannot exceed c(v-+v?+---+v%), 


Definition 3.2. The extension of a path P == pipeps: ` - pr is the sub- 
graph defined by the collection of nodes p, of G such that ps is an element 
of a path pipeps* ` ‘Pr * * Pe but pz is not an element of P. We designate 
the extension of P by P*. 


Lemma 3.2 A component of P* 1s a component of G— P. 


Proof. ‘This follows at once from the fact that a node of P* and a node 
of G— (P + P*) cannot be joined by a path which contains no points of P. 
It is of interest to observe that a path P will be a cut set of G if neither 
G— (P + PS) nor P* is empty. 

THrorEM 3.3. lim L;(n) = œ. 


n> 6 


Proof. Let G be a k critical graph with maximal path length 7 and 
classify the points of G as follows. A point p is of type t provided it is the 
i-th point of some path and à is the largest number for which this is true. 
Clearly every point of G is in some unique class 1, 2,3,:--,1. First observe 
that points of type 7 have degree less than 7. This will serve as an anchor 
for a (decreasing) induction. 

Suppose now that nodes of type x, t =  S/ have maximal degree O,(1, k), 
where O; is a bounded function of ] and k, and consider a point pi, of type 
+—1. Such a point is, by definition, an element of a path pipop: `° pu == P. 
Now the vertices of P* are all of type greater than i— 1 and hence by the 
inductive assumption are all of degree less than or equal to O;. Since the 
number of components of P* is less than or equal to the number of com- 
ponents of G— P, and this in turn is, by Theorem 3.1, less than or equal 
to I it follows from Corollary 3.2.1 that the order of P* cannot exceed 
HO; + 07 +---+0,') += Oi (l, k). Thus the degree of a point of 
type îi — 1 is a bounded function of ! and k. It follows that if 2 and k are 
fixed then there is a finite upper bound to the degree of the vertices of G. 
Finally, since a k-critical graph is connected we conclude from Theorem 3. 2 
that the order of G is a bounded function of J and k or, what is the same 
thing, ? must go to infinity with n. Now Dirac [1] has shown that a graph 
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without a cut node which contains a path of length 1 > 1 contains a circuit 
of length exceeding (21)? from Which fact our theorem follows. 


4, Four chromatic graphs. 


The following lemma asserts, in essence, that it is possible to color any 
circuit C in three colors subject even to the restriction that each node be 
denied one of the colors (the forbidden color can vary from node to node) 
provided that the excluded color is not the same for every node. The applica- 
tion of the lemma will be to 8-critical graphs which are easily seen to be odd 
circuits. 


Lemma 4.1. Associated with each non-constant integer-valued function 
F(x), 1S F(x) <38 defined on the nodes of a circuit C there is a 3-coloring, 
f(x), of O such that F(x) f(x) for any ve. 


Proof. Choose the labelling a,a2a3° - - a, of the vertices of C such that 
F(a.) F(a). Now define f(a.) = F(a) and f(a) =z, x one of the 
integers 1,2,83, but e-Af(a..) and v F(u), t=3,4,---,n. Finally 
define f(a) = z, £ 34 f (an) and s Fa) =f (a). 


THEOREM 4.1. For infinitely many values of n, 
Li(n) SS 3 log? n/log? (27/4). 


Proof. Let T be a set of 8h — 2 pairwise disjoint nodes, where h is an 
odd number. Let {H,} be the collection of pairwise different subsets of h 
elements of T, and {C,} a collection of replicas of C, a circuit with À nodes, 
er—=1,2,°°°, wa ’), and connect each node of H, with each node of C, 
in a 1-1 fashion. Let G be the graph whose nodes are the elements of T and 
the nodes of the various replicas of Q with the edges as indicated above. 
Then we claim (1) G is 4-chromatic and (2) G is critical. 


Proof of (1). We show first that G is not 3-chromatic. If G were 
3-chromatic then some one of the colors would have to be used at least k 
times in coloring T, since T contains 8h—~2 nodes. Call this color A, and 
suppose H, is a set of A nodes of T carrying the color A, in some 3-coloring 
of G. The replica C, each of whose nodes is joined with a node of Hh, is 
8-chromatic since h is odd, but A, cannot be used in its coloring. Hence 
three additional colors must be used which contradicts our assumption that 
G is 3-chromatic. 

To color G in four colors we have merely to use a single color to color 
the nodes of 7 and three additional colors to color the various replicas of C. 
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Proof of (2). The nodes of G are of two types: (i) those belonging to 
T, and (ii) those belonging to some C;. We show first that the removal of 
a node of type (i) renders G 3-chromatic. We color the remaining 8h — 3 
nodes of T with three colors using each color on exactly h— 1 nodes. Then 
each of the C; may be colored with the same three colors by virtue of 
Lemma 4.1, for in no case is the same color excluded from all h nodes of 
any replica of C. 

Now we show that the removal of a node of type (ii) renders G 3- 
chromatic. There is no loss of generality in assuming that the removed node 
æ is an element of C,. We color the nodes of H, with color A, and distribute 
colors A, and A; equally among the remaining 24 — 2 nodes of T. Cı— s 
may now be colored with A, and A, while, in view of Lemma 4.1, the 
remaining replicas may be colored with the three colors. This completes the 
proof of 2. 

We now examine the maximal circuit length in Ga. In order to pass 
from one replica of C to another via a circuit it is necessary to pass through 
one of the 3h — 2 nodes in T. It follows that the length of any circuit in G is 


at most (3h —2)(h + 1). The number of nodes in G is 7 *) h + 3h —2. 


Our theorem now follows from Stirling’s formula. 


Remark. If we could prove the analogue of Lemma 4.1 for critical 
k-chromatic graphs with k > 3, then we could easily show that 


lim inf L;(n)/log? n <o. 


It would be necessary merely to parallel the steps of our proof of Theorem 
4.1 replacing C by a k-critical graph satisfying the conditions of the theorem, 
modifying T appropriately, and using induction on k. 

Dirac [1] conjectured that it might be true that every 4-critical graph 
is Hamiltonian (see definition 2.10). Theorem 4.1 shows that this con- 
jecture is incorrect. | 


5. Minimal Circuit Length. 


THEOREM 5.1. For any k there exists a k-chromatic graph with no 
circuits of length = 5. 


Proof. We use induction on k; the theorem is obvious when k= 1. 
Let Gy be a k-chromatic graph with no circuits of length less than or equal 
to 5. Using Gy we shall construct a k + 1 chromatic graph Grn, with no 
circuits of length less than or equal to 5. 
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Suppose G, has « nodes. Let T be a set of ka nodes, pairwise disjoint. 


Let {H,}, r—1,2,- °°, a be the collection of pairwise different subsets 


of nodes of 7. Form ie replicas {G;"} of G, and connect the node of H, 


with the nodes of Gy” in a 1-1 fashion. Let G’,,., be the graph consisting of 
T and the replicas of Gy, the various nodes being joined as described above. 
Then we claim: (1) Gr: is at least k + 1 chromatic, and (2) Gks con- 
tains no circuits of length less than or equal to 5. 


Proof of (1). Suppose Gk were k-chromatic. Consider any coloring 
of G’x.1 by k colors. Then at most k colors are used to color T, in this 
coloring. Since T has ka nodes some color, say A, must be used at least « 
times in coloring T. Let H, be a set of a nodes of T all of which are colored 
by A. Since Gy is k chromatic and since A cannot be used in its coloring 
it follows that at least k colors in addition to A must be used to color 1. 
Thus G':,1 is at least k -+ 1 chromatic. 


Proof of (2). By our inductive hypothesis, no circuit of length less 
than or equal to 5 in Gk. can be composed only of nodes of a single replica 
of G,. Such a circuit must therefore contain a node of 7’, since no two nodes 
in different replicas are joined. It is clear that the shortest possible circuit 
starting and ending at some node, a, of T must be constructed as follows: 
The circuit starts at a, then it proceeds to a point in some replica of Gy. 
The next node in the circuit must be in the same replica; then must come a 
node in T, say b, different from a. From b the circuit enters a second replica, 
passes through two nodes and then returns to a. This shortest possible circuit 
is of length 6. 

Tf Gra is not k + 1 chromatic it has ak + 1 chromatic subgraph which 
of course has no circuits of length less than or equal to 5. This subgraph is 
the desired Gyn. We may suppose if we wish that G;,, is critical. 


Added in the proof. It has recently come to our attention that the result 
of Theorem 5. 1 has been obtained by W. T. Tutte. Cf. American Mathematical 
Monthly, vol. 61 (May, 1954), p. 352. 
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CONCERNING THE IMBEDDING OF UPPER SEMICONTINUOUS 
COLLECTIONS OF CONTINUA IN CONTINUOUS 
COLLECTIONS OF CONTINUA.* 


By MARY-ELIZABETH Hamsrrom. 


1. Definitions and notation. The purpose of this paper is to establish 
for certain upper semicontinuous collections G of mutually exclusive con- 
tinuous curves necessary and sufficient conditions that there should exist 
continuous collections W of mutually exclusive continuous curves such that 
G is imbedded in W. Throughout this paper the space considered will be 
the Euclidean plane, Æ. 


Definition 1. If G and W are collections of mutually exclusive point 
sets, G is said to be imbedded in W provided it is true that each element of G 
is contained in some element of W and each element of W contains one and 
only one element of G. 

If the collection G is imbedded in the collection W, then (1) if g is an 
element of G, W(g) will denote the element of W containing g and (2) if H 
is a subcollection of G, W(H) will denote the subcollection of W in which H 
is imbedded. In the remainder of this section G will denote an upper semi- 
continuous collection of mutually exclusive compact atriodic continuous 
curves which is an arc with respect to its elements. The endelements of G 
will be denoted by a and b. = 

If H is a collection of point sets the sum of the elements of H is denoted 
by H=“. If H is an upper semicontinuous collection of point sets a sub- 
collection of H will be said to be closed (totally disconnected, connected, 
perfect, open) provided it is a closed (totally disconnected, connected, perfect, 
open) subset of G with respect to its elements. 


Definition 2. The arc h which is an element of G is said to be a K-are 
or K-curve of G provided it is true that there exist two simple closed curves 
J, and Ja with mutually exclusive interiors J, and I, such that J.-J, is an 
arc which contains and is separated by h, J,:J.- G* =h, I, does not inter- 
sect any element of the interval ak of G and I, does not intersect any element 
of the interval hb. A simple closed curve which is an element of G is a 


* Received October 5, 1953. 
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K-curve provided it either separates two points of G* in Æ or is an endele- 
ment of G. A point which is anælement of G is a K-point or K-curve of G 
provided it is not the sequential limiting set of any sequence of simple closed 
curves of G. | 


Definition 3. If n is a natural number and H is a closed subeollection 
of arcs of G, H™ is the collection of all elements g of H such that if e is a 
positive number then every open interval of G containing g contains an element 
of H which has a subare the distance between whose endpoints is less than e 
but whose diameter is not less than 1/n. 

Clearly H™ is closed. 

The terms “link” and “simple chain” will be used in the ordinary 
sense with the added conventions that each link of a simple chain shall be 
an open disc (i.e. the interior of a simple closed curve) and if æ and y are 
links of C, &-ÿ (if it exists) is a closed disc (i. e. the closure of an open disc) 
and (#2) : (ÿ-y) contains only two points. A simple cyclic chain is a chain, 
C, such that if any link is removed from C the remainder is a simple chain. 
The least upper bound of the diameters of the links of a chain is called its 
link diameter. If C is a simple chain containing three or more links then 
[C] shall denote the chain obtained by omitting the endlinks from ©, [C*] 
is the sum of the links of [C], and [C*] is the closure of the sum of the 
links of [C]. If the arc or simple closed curve, ¢, is covered by the simple 
or simple cyclic chain, C, ¢ is said to be straight with respect to C provided 
that if x is a link of C intersecting t the boundary of æ does not contain 
three points of ¢ and if it does contain two points of ¢ these points lie in 
different links of C. If ¢ is not covered by © it is said to be straight with 
respect to C provided that ¢-C* is an arc whose cut points lie in C*, every 
subare of ¢ lying in C* is straight with respect to C, and if (C*-C*) -¢ and 
the boundary of a link v of C intersect their common part is degenerate and 
æ is an endlink of C. The simple or simple cyclic chain K is said to be 
straight with respect to the simple or simple cyclic chain C provided it is 
true that there is a subchain L of K such that (1) if x and y are links of K 
and C respectively then %- ÿ is a closed disc if it exists and if æ is also a link 
of L then # is a subset of C™, (2) if y and z are consecutive links of C there 
are not two links of K intersecting z and y-Z, and (3) if x is a link of K not 
in L, and [C*] are mutually exclusive and if æ and L* are mutually 
exclusive so are and C*. If the arc or simple closed curve ¢ is covered by 
the simple or simple cyclic chain C, ¢ is straight with respect to C and for 
no proper subchain ©” of C does C’* contain t, then C is said to simply cover t. 
(These definitions are modifications of definitions found in [2].) 
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2. Principal imbedding lemma. A 


Lemma 1. Let G be an upper semicontinuous collection of compact 
atriodic continuous curves such that (1) G is an aro with respect to its 
elements, (2) the endelements of G are simple closed curves of which one 1s 
interior to the other but every non-endelement of G is acyclic, (3) 1 K is a 
closed subcollection of arcs of G then for no natural number n is vt true that 
KG) — K, and (4) each element of G is a K-curve of G. If H is a closed 
totally disconnected subcollection of G containing the endelements of G then 
there is a continuous collection W of simple closed curves such that H 1s 
imbedded in W, W*-G* = H*, and of each pair of elements of W, one is 
interior to the other. 


Proof. For the purposes of this lemma only, Definition 3 will be applied 
_to closed subcollections K of G which contain a or b. For each natural 
number n there is a well-ordered sequence a, such that (1) the first element 
of a, is H, (2) if the element A of a, has a successor the first element of o, 
following A is A, (3) if o’, is a subsequence of æn which has no last element 
then the first element of æ, following every element of o’, is the common part 
of the elements of a'm» and (4) a, has a last element, K, and K™ does not 
exist. 

If A is an element of a, and A® exists, A™ is a closed proper sub- 
collection of A. Consequently a, is countable. Let I, denote the collection 
of all elements of «p. Then the collection XT, is countable and its elements 
can be arranged in a simple sequence A,, As, Ást * -. 

Let a and b denote the endelements of G, suppose that a is exterior to b, 
and let J denote the set of points interior to a and exterior to b. An I set 
shall be an interval of G which meets H in a set which is both open and 
closed in H. 

If h is an element of H-a-b let C,(h) denote a simple chain with link 
diameter less than 1 simply covering h such that (1) €,*(h) is+ a subset of I 
and (2) if % is not in A, then A,* and @,*(h) are mutually exclusive. If h 
is a or b let C:(h) denote a simple cyclic chain with link diameter less than 1 
simply covering A such that if k is not in A, then A,* and O,*(h) are 
mutually exclusive. 

Each element À of H is contained in an J set each of whose elements lies 
in C,*(h). Consequently there exist a finite subcollection H, of H and a 


1 For typographical convenience, C,*(h) will denote the closure of 0,*(h). 
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finite collection S, of non-intersecting I sets covering H such that each element 
of H, belongs to some I set of Sfeach J set of S, contains one and only one 
element of H,, and each continuum of the J set of S, containing the element 
h of H, is a subset of C,*(h). Let G, (h) denote the I set of 8, containing 
the element h of H. 

Since every element of H, is a K-curve of G there is a collection W(Z;) 
of mutually exclusive simple closed curves such that H, is imbedded in 
W(H,), H,* = G* - W* (Hı), and of each pair of elements of W(H,), one 
is interior to the other. If h is an element of H-a-b, let K,({h) denote a 
simple chain with link diameter less than 1 simply covering the closure of 
W(h)-h such that K,*(h) is a subset of J and if g is an element of H,-h 
then [K,*(h)] and G* + [K,*(g)] are mutually exclusive. If À is a or b 
let K,(h) be identical with O, (A). 

If h is an element of H — H,, let C.(h) denote a simple chain with link 
diameter less than 1/2 simply covering h such that (1) if h is not in A; 
(j= 1,2) then Č” (h) and A*; are mutually exclusive and (2) if h is in 
the J set Gi(g) of S, then (i) if æ is a link of C.(h) there is a link of C, (g) 
containing # but there are not three links of C,(g) whose closures intersect # 
and (ii) if g’ is an element of H,—g then C," (h) does not intersect 
LE (g)] + W* (H) + LR (9) + (7). 

Ii h and W are elements of H, let La(h) be a simple cyclic chain with 
link diameter less than 1/2 simply covering W(h) such that (1) Z.(h) is 
straight with respect to [Ki(h)], (2) Zo*(h) and L£,*(h’) are mutually 
exclusive, (3) if æ is a link of La(h) there is a link of Ci(h) or K,i(h) 
which contains # but neither C(A) nor K,(h) contains three links whose 
closures intersect #, (4) if } is not in A; (j==1,2), L (h) and A;* are 
mutually exclusive and (5) if & is in H, — a-b there is a simple subchain 
Ca(h) of La(h) which simply covers À and has the property that no link of 
La(h) not in C2(h) has a closure which intersects G*. Let C.(h) and 
K.(h) be Le(h) if h is a or b. Otherwise let K.(h) be the simple chain 
whose links are the links of D.(%) not in C.(h). i 

Each element h of H is contained in an I set each of whose elements 
lies in C” (h). Consequently there exist a finite subcollection H, of H and a 
finite collection, S,, of non-intersecting I sets covering H such that (1) H, is 
a subcollection of H., (2) each element of H, is an element of some J set of 
S, and each element of S. is a subcollection of some J set of S, and contains 
one and only one element of H., (3) each continuum of the I set of Sa con- 
taining the element h of H, is a subset of O2*(h). Let G.(h) denote the 7 
set of S, containing the element a of Ho. 
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There is a collection W(H.) of mutually exclusive simple closed curves 
which contains W(H,) such that (1) HY. is imbedded in W(H;) and 
H,* = G*-W*(H.), (2) if h is an element of H, and the I set G,(h’) 
of Sı then W(h) is straight with respect to [Ki(h’)] and intersects each 
link of C,(h’) and K,(h’), and (3) of each pair of elements of W(H2), one 
is interior to the other. For each element h of H, let Ni (h) be the number 
of arcs æ of W*(H.- G,(h)) for which there is a link c of C(A) such that 
x is a subset of c and is irreducible between the closures of two non-intersecting 
links of C,(h). Let Ni,(W) be the sum of the N, (h) for h in Hı. Then 
W(Æ,) is to have the further property that if W’(H.) is any other collection | 
satisfying properties (1) and (2) above then Na (W) = Na (W). 

If h is an element of H,— H, and the I set G,(h’) of S, let K,(h) 
denote a simple chain with link diameter less than 1/2 simply covering the 
closure of W(h) —} such that (1) if x is a link of K,(h) there is a link 
of C,(h’) or K,(h’) containing Z but neither of these chains contains three 
links whose closures intersect #, (2) [K.2(h)] is straight with respect to 
[K,(h’)] and (8) if g is an element of H,—h, [K.*(h)]| does not inter- 
sect W*(H,) + G* + [&.*(g)]. 

If we continue in this fashion it can be shown that for each natura! 
number 7 there exist collections H;, W(H;), and S; and that for each element 
h of H; there are an I set G;(h) and simple chains C;(h) and K;(h) and 
that these collections and chains satisfy the following conditions. 


[1] His, is a finite subcollection of H containing H; + a + b and it is 
imbedded in W (H1), a collection of mutually exclusive simple closed curves 
containing W(H;) such that W* (Hi) -G* = Hin” and of each pair of 
elements of W (H), one is interior to the other. = 

[2] If h isin Him Ga(h) is an I set in the collection Sin, it contains 
h, it is subcollection of some J set of S;, each of its elements lies in Cr” (h), 
and if À is not an element of A; (j=i+1) then A;*+ Hin” —h and 
Giu (h) are mutually exclusive. 

[3] Sin is the collection of all Guı(h) for h is Hi, it covers H, it is 
finite, and its elements are mutually exclusive. 

[4] If h is an element of Hna — Ha Ci1(h) denotes a simple chain 
with link diameter less than 1/i + 1 simply covering h such that if h is not 
in A; (7 S1 + 1) then Qin” (h) and A;* are mutually exclusive and if h is in 
the I set Gi(g) of S; then (i) if v is a link of Cin (h) there is a link of C;(g) 
containing & but there are not three links of C;(g) whose closures intersect 
@ and (ii) if g’ is an element of H;—g, Cui*(h) does not intersect 


CRE (g)1 + W* (H) + Gi*(9’) + LK (g’)]. 
5 
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[5] If h and h’ are elements of Hj, Li:(h) is a simple cyclic chain 
with link diameter less than i+ 1 simply covering W(h) such that 
(i) L41(h) is straight with respect to [Ki(h)], (ji) Lim” (h) and Ln” (w) 
are mutually exclusive, (iii) if x is a link of Z,,%(h) there is a link of C;(h) 
or K;(h) containing Z but neither of these chains has three links whose 
closures intersect Z, (iv) if h is not in A; (j<i+1) then A;* and Lin” (h) 
are mutually exclusive and (v) if k is not a or b there is a simple subchain 
Ci) of Lia(h) which simply covers h and has the property that no link 
of Lzh) not in Cy,1(h) has a closure which intersects G*. Let C:,(h) and 
Kin(h) be Li:(h) if h is a or b; otherwise let K;,,(h) denote the simple 
chain whose links are the links of Di,,(h) not in Ci1(h). 

[6] If h is in (Hin — Hi) -G,(h;), (j<i), Wh) is straight with 
respect to [K;(h;)] and intersects each link of C;(h;) and Kj(h;). For each 
element h of H; let N;;(h) be the number of ares x of W* (Hia: G;(k)) for 
which there exists a link c of C;(h) such that x is a subset of c and is 
irreducible between the closures of two non-intersecting links of C;(h) and 
let Ni;(W) be the sum of the Ny(h) for h in H; The collection W (Hin) 
is to have the further property that if W’(H;,:) is any other collection having 
properties [1] and [6] then Na(W) S Na( W^) and if Ny(W) = Ni(W’) 
then Ni: (W) = Njal W). 

[7] If his an element of Hiı — H; and the I set Gi(h’) of Su K:1(h) 
denotes a simple chain with link diameter less than 1/2 + 1 simply covering 
the closure of W (h) — h such that (i) if æ is a link of Ki, (h) there is a link 
of C;(h’) or K,(h’) containing z but neither of these chains has three links 
whose closures intersect %, (ii) [K (A) ] is straight with respect to [K,(h’) | 

„and (ili) if g is an element of Hin — h, [K:1*(h)] does not intersect 
W* (Hi) + G* + [Kin*(g) J. 

If h is an element of H there is only one sequence G(h), (91, 92, ae, * °°) 
such that for each 1, gin is an J set of Sn: containing h and is a subcollection 
of gi If, for each 1, gi — Gi(hi) let k; denote K;*(h;) + Ci* (hi) and let 
K(h) denote the sequence kı, ko, ka >+. Since for each i, kis +h is a 
subset of k; À is a subset of the common part of the elements of K(h). If 
h is an element of 3H;, W(h) is the common part of the elements of K (h); 
if h is an element of H-—3H;, let W(h) denote the common part of the 
elements of K(h). It readily follows from the construction that the collec- 
tion W of all W(/)’s is a continuous collection of mutually exclusive continua 
no one of which intersects two elements of G. It remains to be shown that 
every element of W is a simple closed curve. 

Suppose f is an element of H — 3H; and that for some natural number 
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n and each positive number € there is a natural number n(e) such that Aate; 
contains an arc of diameter not less than 1/& but the distance between whose 
endpoints is less than «. The arc À is thus an element of H™. Suppose that 
there is an element of æ, which does not contain A. Let A be the first such 
element of æn. Clearly A has an immediate predecessor, B, B contains h, 
and Bt) — A. The collection B is an element of the sequence Á, 42,° * - ; 
suppose B = A; If h; (j Zi) is not an element of B, g; does not intersect B. 
Since g; and B contain A this is impossible. Therefore if 7 = 1, B contains #;; 
hence h is an element of B™. Consequently every element of æn contains h. 
In particular, the last element, K, of a, contains h and a repetition of the 
above argument shows that all but a finite number of the hÿs belong to K. 
This implies that h lies in K™, which is impossible since there is no K™. 
Thus, if n is a natural number there is a positive number € such that for each 1, 
if h; contains an arc the distance between whose endpoints is less than e then 
the diameter of that arc is less than 1/n. 

Suppose h is an element of H — SH, It follows from the construction 
of the chains [K,,(h,)|] and the methods used in the proof of Theorem 1, 
Chapter II of [7] that W(h) —A is topologically equivalent to an are minus 
its endpoints. Consequently, if W(h) contains a point at which it is ‘not 
locally connected that point is in A. 

Since h is a K-are there are simple closed curves J, and Ja with interiors 
I, and I. such that J.-J, is an arc containing and separated by h, J,-J.° G* 
== h, I, does not intersect any element of the interval ah of G and I, does not 
intersect any element of Ab. 

If W(h) is not locally connected there exist a subare x of A and a 
sequence of mutually exclusive subarcs of W(h) — h converging to z. Let 3 
denote the diameter of x. It follows from the arguments of the third para- 
graph above that there is a natural number N such that 1/N < 8/100 and 
(1) for each j, if h; contains an are the distance between whose endpoints is 
less than 1/N then that arc has diameter less than 8/100 and (2) Cy* (hy) 
is a subset of J, + Ie + J,-J, minus its boundary. There exist a subare y 
of æ the distance between whose endpoints is §, a sequence 8 of mutually 
exclusive subares of W (h) — h converging to y, and a minimal subchain C 
of Cy(Ay) covering y such that B* + y is a subset of C*. If A and B are 
the endlinks of C the distance between them exceeds .988. Let D,, Da, and D, 
be consecutive links of C in that order no one of which intersects A + B and 
let D denote D, — (D, + Ds) - Ds. | 

It follows’ from the definition of N that if 7 > N there do not exist two 
subares of h; both irreducible between A and B. Therefore, since the sequential 


# 
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limiting set of W (h), W(he),- > - contains all the elements of 8 and all but 
a finite number of the elementg,of 8 intersect both A and B there exist for 
each natural number g and each positive number « a neighborhood U of h 
lying in an e-neighborhood of h and a natural number M such that if k = M, 
hy, lies in U and W (hr) — hy contains q ares each lying in C* — C*: Ü and 
irreducible between A and B. In particular, there are a natural number p 
and a collection À of three subarcs of W (hp) — hp such that (1) each element 
of À is a subset of D irreducible between D, and D3, (2) A* lies either in J; 
or in Is, (3) no two elements of À are separated in D by h -+ Jı + J2, any 
element of W(Hy) or any element of W(H;), (7 Sp), not in Gy(hy) and 
(4) no component of D—A* whose boundary contains two arcs of À inter- 
sects Cp” (hp). 

The ares of A can be denoted by Ui, we, and wz in such a way that (1) 
in D, u separates u, minus its endpoints from us minus its endpoints and 
(2) if E, and E, denote the interior and exterior of W (hp) respectively then 
for t = 1,2 there is an arc ¢ lying in D irreducible between w; and un, and 
lying except for its endpoints in Æ. 

Suppose that % is exterior to W (hp) and A* hes in J,; since us and ts 
lie.in J, and are not separated by J, + Jz in D, the sum of the elements of 
the interval ah of G does not separate u, from us in D. Since t, hes except 
for its endpoints in the exterior of W(h,) the sum of the elements of the 
interval hpb does not separate ua from us in D. Since t, does not intersect 
Ch“ (hp) and the elements of the interval hh, all lie in Cy*(hp), wu. and us 
are not separated in D by the sum of the elements of hh,. No element of 
W(Hy) separates u, from u, in D. Suppose there is a natural number m 
between N and p + 1 such that some element of W (Hm) separates ts from wy 
in D or contains us + ta, but no element of W (Hm) separates us, from ts 
in D. There is an element w of W(H,,) containing two arcs w, and w, lying 
in D such that each is irreducible between D, and Dz, neither lies entirely in 
G*, each separates u, from ws in D and no element of W (Hm) separates w 
from wə It follows from (3) above that w belongs to W(Gy(Hy)). There 
is an arc t lying in D which is irreducible between w, and w, and does not 
intersect G* or any element of W(H,,), other than w. This contradicts 
condition [6] required of W(H,,) since the existence of ¢ clearly shows that 
Nay(W) is not a minimum. 

If h is interior to W(%,) and A* lies in Z, then the sum of the elements 
of the interval ah does not separate u, from us in D and since the elements 
of the imterval LB are interior to WF (hp), the sum of these elements does not 
separate us from us in D. Tt follows from an argument similar to the above 
that this leads to a contradiction, as does the assumption that A* lies in Fe. 
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Thus, in any case, the assumption that W(A) is not locally connected 
leads to a contradiction. It follows from the construction of Ciflu) and 
K;(h;) and the argument used to show that W(h) — h is topologically equi- 
valent to an are minus its endpoints that W(h) contains no triod and is a 
simple closed curve. The proof of Lemma 1 is now complete. 


3. Lemmas concerning upper semicontinuous collections. 


Lemma 2. Suppose the upper semicontinuous collection G of mutually 
exclusive continua fills up the compact continuum M and is a continuous 
curve with respect to its elements. If D is an open disc (the interior of a 
simple closed curve) and Ni, No, Ng, - > is a sequence of distinct components 
of M- D converging to a continuum N which intersects D but no element of 
N, Na, Ngge °°, then N is a subset of some element of G. 


` Proof. Suppose the lemma is false. With the aid of Theorem 8, 
Chapter II of [7%] and some arguments used in the proof of Theorem 2 of 
[6] it can be shown that there are a subcontinuum K of N intersecting two 
elements of G, a simple closed curve J whose interior, J, intersects K, and a 
sequence Kı, Ke, Kap’ © © of distinct components of M.I converging to K 
such that for each natural number i, Ki separates K, from K in M- Ï. The 
sequential limiting set, L, of the sequence J : Kı, J + K,,: - : does not contain 
three points. Consequently there is an element œ of G which intersects K -I 
but not L. There is a connected open subcollection U of G containing x such 
that U* and L do not intersect. Since U* is open and intersects K it inter- 
sects all but a finite number of the K; and since U* is connected and the K; 
are components of M - T, it intersects all but a finite number of the elements 
of K,-J,K.-J,:--. This implies that U* intersects Z. Thus the supposi- 
tion that Lemma 2 is false leads to a contradiction. 


Lemma 3. If G is an upper semicontinuous collection of mutually 
exclusive arcs which is an arc with respect to its elements then if G is 
continuous? at an element g which contains a point at which G* is not 
locally connected then there is a natural number n such that g belongs to G, 


Proof. It follows from Lemma 2, the proof of Theorem 2 of [6] and 
Theorem 8, Chapter II, of [7] that there is an open dise D intersecting g 
such that g: D is an arc and that there is a sequence « of mutually exclusive 








2 The upper semicontinuous collection G of compact closed point sets filling up a | 
compact closed point set is continuous at the element g provided that if a sequence of 
elements of G converges to a subset of g it converges to g.  ¢ 
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components of D- G* converging to g' D none of whose elements intersects g. 
Let P be a point of g: D and let Ê be a natural number such that the distance 
from P to D — D exceeds 1/n. If e is a positive number let U be a domain 
containing P such that Ọ is a subset of D with diameter less than « and the 
distance from U to D — D exceeds 1/n. Since G is continuous at g there is 
an interval H of G containing g as an endlement such that H* contains 
infinitely many elements of g and every element of H intersects U. Let k 
be an element of « which intersects U and lies in H*, Since no connected 
subset of H*- D intersects both k and g, H*- D is the sum of two mutually 
separated point sets L and N, L containing g and N containing k. The 
point set U- H* is the sum of the mutually separated point sets D-U-H* 
and N-U-H*. Since H* is connected there is an element h of H which 
intersects both L-U-H* and N-U-H*. The subare A’ of h irreducible 
between LD: U-H* and N-U-H* is not a subset of D since L-H*: D 
and N-H*-D are mutually separated. Thus h’ intersects D — D and U 
and consequently its diameter exceeds 1/n. Since its endpoints lie in U the 
distance between them is less than e. Since every segment of G containing g 
contains such an element, h, g belongs to G. 


Lemma 4. If G satisfies the conditions required of it in Lemma 1 then 

. tf for the natural number n, Ky 1s the set of all elements x of G for which 

there is a sequence a(x) of elements of G converging to a subset y of x such 

that x — y has a component whose diameter exceeds 1/n then Ky is nowhere 
‘dense in G. 


Proof. Suppose there is an interval V of acyclic elements of G in 
.which K, is dense. Since for each natural number à, G® is closed and 
totally disconnected there is an element x, of Kn: V which is not in G® and 
there is a subinterval V, of V containing x, as a non-endelement but con- 
taining no element of G®. Let y, be the sequential limiting set of a(z). 
There is a domain D, containing y; each point of which is closer to y, than 1 
and such that there is a component z, of x, — D,- x, whose diameter exceeds 
1/n. Since G ts an upper semicontinuous collection and D contains all but 
a finite number of the elements of «(z,) there is an element x, of Ka- V, 
which lies in D, but is not an element of G@) and there is a subinterval V. 
of Vy containing x, as a non-endelement such that each of its elements lies in 
D, but none of them belongs to G®. Let y, be the sequential limiting set of 
a(z). There is a domain D, containing y, each point of which is closer to 
Ya than 1/2 and such that D, is a subset of D, and there is a component Zz 
of t.— D, `£ whose diameter exceeds 1/n. 


+ 
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In general, for each natural number à there are continua t ya and 2i, 
a domain D;, and an interval V; of V such that (1) 2; is an element of Ka: Vi 
but not an endelement of V;, (2) Vi and GM are mutually exclusive and Vij: 
is a subset of V;, (3) Vian” is a subset of Da (4) y; is the sequential limiting 
set of a(2;) and Da: is a domain containing Yi» each point of which is closer 
to Ya than 1/i + 1 and such that Dı lies in D; and there is a component 
ivy OL Tui — Dui’ Tin Whose diameter exceeds 1/n. 

Let z be the sequential limiting set of an infinite subsequence 2’, 22’, ° 
of 21, %,° © >, and suppose z is a subset of the element x of G. Since for 
each 1, æ is in Fa v belongs to G—-3G™, For each 1, z (7 > 1), and con- 
sequently z; lies in D; and thus each point of z; is within distance 1/2 of y. 
Therefore if P and Q are points of z and Dp and Dg are domains containing 
P and Q respectively such that Dp and Dg are mutually exclusive there is a 
natural number N such that if j > N, Dp and Dg both intersect the mutually 
exclusive subcontinua y/ and z/ of the arc s. This is sufficient to show that 
for some natural number m, æ is in G”), which is impossible. Thus the 
supposition that K, is not nowhere dense leads to a contradiction. 


LEMMA 5. Jf W is a continuous collection of mutually exclusive simple 
closed curves filling up a compact continuous curve M such that W is an are 
with respect to its elements and H is an upper semicontinuous collection ° 
of mutually exclusive arcs which is imbedded in a closed subcollection of W 
then for no positive integer n is it true that H = H. 


Proof. If a and c are elements of H the notation Z(ac) will be used to 
denote the collection consisting of a, c, and all elements b of H such that 
W(b) is between W (a) and W(c). Suppose that for some natural number n,. 
H = H. Since every element of H is thus a limit element of H, W(H) 
is a perfect subcollection of W. 

Supopse that the element z of H is a limit element of I(x, y) and that 
there is a finite sequence 2:,22,- : :,4, of mutually exclusive subares of 
W(x) each having diameter greater than 1/4n. There is a simple cyclic. 
chain, C, simply covering W(x) such that if à and j are integers not exceeding: 
p and s; and s; are links of C intersecting x and x; respectively then 5; and 8, 
are mutually exclusive. For each 1 let C; denote the minimal subchain of C' 
simply covering v; Since v is in H™ there is a subarc a’ of s whose diameter 
exceeds 1/4n such that (1) 2’ does not intersect three arcs of the sequence 
Tı, Tr,” * *, p and (2) if K is the simple subchain of C simply covering 2/ 


*If, in Definition 3, the words “open interval” be replaced by “open set” the 
definition of H will apply here. , 
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then if z is an element of I (s, y} —zx there is an element of [(#,z) con- 
taining two mutually exclusive dfcs of diameter exceeding 1/4n which lie 
in K* and intersect both endlinks of K. Since W is a continuous collection 
of simple closed curves it follows from [1] and [3] that W* is an annulus 
whose boundary simple closed curves are the endelements of W. Therefore 
there is an element z of Z (x, y) such that (1) z is a limit element of I(x, z), 
(2) z contains two mutually exclusive arcs of diameter exceeding 1/4n which 
lie in K and intersect both endlinks of K and (3) if z is an element of J (z, z) 
then W(z’) contains the elements of a sequence 2, 22,°° *,Zp of mutually 
exclusive arcs such that for each 7, z; lies in C;* and intersects both endlinks 
of C;. Since z itself has property (3), property (2) and the fact that W (2) 
is a simple closed curve can be used to show that W(z) contains p +1 
mutually exclusive arcs with diameter exceeding 1/4n. Since z is a limit 
element of Z(x,z) the above argument can be repeated. 

Since each element of H is in H™ there is an element x of H con- 
taining two mutually exclusive arcs of diameter exceeding 1/4n. It follows 
from this and the argument of the above paragraph that there is a sequence 
L, Ia > + of intervals of W such that for each 4, Im is a subinterval of J, 
and each element of I; contains à mutually exclusive arcs of diameter exceeding 
1/4n. There is an element w of W lying in the common part of the J; Con- 
sequently, for each à, w contains i mutually exclusive arcs of diameter exceeding 
1/4n. This is impossible, since w is a simple closed curve. Hence the 
supposition that H == H™ leads to a contradiction. 


4, Imbedding theorems. 


THEOREM 1. Under the conditions of Lemma 1 there is a continuous 
collection W of simple closed curves such that G is imbedded in W. 


Indication of proof. Let H denote SG®+3K, It follows from 
Lemmas 3 and 4 that if g is an element of G-H, G is continuous at g and G* 
is locally connected at every point of g. Since, for each i, G and E; are 
closed and totally disconnected, H is the sum of the elements of a countable 
collection H’ of mutually exclusive closed and totally disconnected sub- 
collections of G. Thus there is a sequence A: H,, Hat +> of mutually 
exclusive closed and totally disconnected subcollections of G the sum of whose 
elements is dense in G and such that every element of H’ is an element of A 
and every element of A not in H’ consists of only one element of G. Suppose 
that H, contains the endelements of G. 

There is a continuous collection W, of simple closed curves such that 
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AH, is imbedded in W,, W,*- G* — H,*, and of each pair of elements of Wi, 
one is interior to the other. Suppose U is’a component of I — I: W,* and 
is bounded by the simple closed curves w and w’ (where I is as defined in 
the proof of Lemma 1). Let u, and u, be mutually exclusive arcs lying in 
I — G* and irreducible between w and w such that if P is a point of the 
component of U — U - (u, + u2) containing G*-U then the distance from 
P to G*-U is less than 1. Let V be the component of U—U-> (u, + we) 
which does not intersect G*. There is a continuous collection Z of mutually 
exclusive ares which fills up F such that (1) Z is an arc with respect to its 
elements, (2) the endelements, u and wu’, of Z lie on w and w respectively and 
(3) each arc which is an element of Z is irreducible between u, and wp. 

If g and g’ are the elements of G imbedded in w and w respectively there 
is a reversibly continuous transformation, T, of the interval gq’ of G onto 
Z such that f(g) —u and T(g’) =w. Let T be the common part of the 
interval gg’ and the collection H, + H,. There is a continuous collection 
Wy of mutually exclusive simple closed curves such that (1) T and T(r) 
are imbedded in Wy, (2) Wo*: G* = T* and Wy*-Z* = [T(T)]*, (3) w 
and w belong to Wy, and (4) if h is an element of T, h and T(h) are 
imbedded in the same element of Wy. Let W, be the collection such that R 
is an element of it if and only if either there is a compoent U.of I — I: W,* 
such that k belongs to Wy or h belongs to W,. 

Suppose U’ is a component of U—U-W,* and is bounded by the 
simple closed curves w, and w,’. The point set U’-u, and U” -us are arcs 
- irreducible between w, and w. Let wu,’ and ws’ be mutually exclusive ares 
lying in U’—U’-(G*+ V) irreducible between w, and w,’ such that 
(1) if P is a point of the component of U’ — U’. (u,’ + uz) containing , 
G*- U’ then the distance from P to G*-U’ is less than 1/2 and (2) 
ty’ + ue’ separates U’-V from G*- U in U’. Let V’ be the component of 
U’ — U’ - (u + u} which contains U’-V. There is a continuous collec- 
tion Z’ of mutually exclusive arcs which fills up V’ such that (1) 7’ is an 
arc with respect to its elements, (2) the endelements, v and v’, of Z lie on 
w, and w’, respectively, (3) each are of Z’ is irreducible between wu,’ and uz 
and (4) the collection of elements of Z lying in Y’ is imbedded in Z’. 

If g, and g,’ are the elements of G imbedded in w, and w,’ there is a 
reversibly. continuous transformation 7” of the interval gig’ of G into Z’ 
such that (g) =v, T’(g.’) =v and if k is in the interval gigi’, T(h) 
is imbedded in 7”(A). Let T, be the common part of g.g,’ and Hi + H, + H}. 
There is a continuous collection Wy of mutually exclusive simple closed 
curves such that (1) T, and T”’(T;) are imbedded in Wy (2) Wy* - G* == Ty* 
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and Wy-* -Z’* = [7’(T,)|*, (3) w, and w belong to Wy, and (4) if A is 
an element of T, h and T(h) ate imbedded in the same element of Wy. 
Let W, be the collection such that h is an element of it if and only if either 
there is a component U’ of I—II. Wa” such that h belongs to Wy or h 
belongs to We. 

A continuation of the process indicated above will yield the desired 
collection W, which consists of SW; plus its limit elements. That if A is an 
element of G— 3H, then W(h) is a simple closed curve follows from the 
construction of Z, Z’, ete. and the fact that G is continuous at h and G* is 
locally connected at h. 


THEOREM 2. If G is an upper semicontinuous collection of mutually 
exclusive atriodic continuous curves which is an arc with respect to its 
elements then there exists a continuous collection W of mutually exclusive 
simple closed curves such that G is imbedded in W if and only if (1) each 
element of G is a K-curve of G, (2) tf H ws a closed subcollection of arcs of 
G then for no natural number n is tt true that H™ = H and (3) of each pair 
of simple closed curves which are elements of G, one is interior to the other. 


Proof. Suppose there is such a collection, W. It follows from Anderson’s 
result, [1] and Cohen’s result, [3], which state that W* is an annulus whose 
boundary simple closed curves are the endelements of W that conditions (1) 
and (3) hold true. The truth of condition (2) follows from Lemma 5. 

Suppose G satisfies conditions (1), (2), and (3). It follows from (1) 
and (8) that the collection, H, of all simple closed curves of G is closed and 
continuous. If g and g’ are simple closed curves which are elements of G 
such that no element of G between them is a simple closed curve, the elements 
of the interval gg’ satisfy the conditions of Theorem 1. That the conditions 
of 2 are sufficient follows from this and the fact that A is continuous. 


LEMMA 6. If Gis an upper semicontinuous collection of compact atriodic 
continuous curves such that (1) G is an arc with respect to its elements, 
(2) the endelements of G are simple closed curves J, and Ja with exteriors 
E, and E, such that J, and J, lie in E, and E, respectively and contain 
points P, and P, which are respectively accessible from the same point of 
E, H,— E: Ea G*, (8) af K is a closed subcollection of arcs of G then for 
no natural number n is it true that KM == K and (4) each element of G is 
a K-curve of G, then there is a continuous collection W of simple closed curves 
and arcs such that G is imbedded in W and W* is a continuous curve. 


Proof. It follows from (2) and (4) that every ‘non-endelement of G is 


% 
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acyclic and that there is a simple closed curve J whose interior Z contains 
G* — (J, + J2)-J such that J-J, and J+J, are points P, and P, respec- 
tively. The curve J is the sum of two non-overlapping arcs P,XP, and 
P,X’P,. There are reversibly continuous transformations T and T” throwing 
G onto P XP., and P,X’P, respectively such that T(J,) = P, = T (Ji) and 
T (Jo) = P,==T’(J.). The methods used in the proofs of Lemma 1 and 
Theorem 1 may now be used to construct the collection W, where W* =J +T 
minus the sum of the interiors of J, and J, and if A is a non-endelement of 
G then W(h) is an are with endpoints T(h) and T’(h). 


THEOREM 8. If G is an upper semicontinuous collection of compact 
atriodic continuous curves which is an are with respect to its elements then 
there 1s a continuous collection W of mutually excluswe compact atriodic 
continuous curves such that G is imbedded in W and W* ts a continuous curve 
if and only if every non-endelement of G is a K-curve of G and tf H is a 
closed subcollection of arcs of G then for no natural number n is it true that 
H” = H. 


Proof. Suppose G is imbedded in a collection W which satisfies the 
required conditions. If the non-endelement g of G is imbedded in the simple 
closed curve W(g) of W, it follows from the methods used in the proof of 
Lemma 1 of [4] that since W* is a continuous curve, W(g) separates two 
points of W* in E. Thus g is a K-curve of G. It follows from this property 
of the simple closed curves of W that no acyclic non-endelement of W is the : 
sequential limiting set of a sequence of simple closed curves of W. Thus 
every point of G which is a point and non-endelement of W is a K-curve of G. 
If h is a non-endelement of G and W (A) is an arc, W (h) is a non-endelement, 
of an interval, H, of arcs of W. It follows from Theorem 8 of [5] that H* 
is a closed disc and thus that 4 is a K-curve of G. In any case, every non- - 
endelement of G is a K-curve. It follows from an argument similar to that 
in the proof of Lemma 5 that if H is a closed subcollection of arcs of G then 
for no natural number n is it true that H™ == H. .Thus the conditions of 
Theorem 3 are necessary. | 

Suppose @ satisfies the conditions required of it in the statement of 
Theorem 8. Since every non-endelement of G is a K-curve then any three 
simple closed curves of G éan be labeled t, ta, and ¢, in such a way that either 
tı is interior to t, and t is interior to t, or # is interior to tə and t, and t, 
are mutually exterior. Let a, and a, be the endelements of G and suppose 
first that a, is a simple closed curve having a, in its interior. The continuum 
@ is thus interior to every simple closed curve of G — a. From the above 
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remarks and the fact that the non-endelements of G are K-curves it follows 
that there is a sequence Jı, Jo dJa" - of mutually exclusive simple closed 
curves converging to a, such that J, is a, and for each 2, a, is interior to 
Jui di is interior to J; and Ji: G* is an element of G. That the collection 
W exists now follows by applying Theorem 2 to the intervals of G whose end- 
elements are J,°-G* and Jui’ G*. 

Suppose a, is hot interior to a, and a, is not interior to a. From the 
remarks at the beginning of the previous paragraph concerning the simple 
closed curves of G and the fact that every non-endelement of G is a K-curve 
it follows that there exist mutually exterior simple closed curves, K, and K> 
with exteriors F, and E, such that a; is interior to Ki, (i= 1,2), Ki: G* 
and K: G* are acyclic elements of G and every element of G between them 
is acyclic and K, and K, contain points P, and P, respectively which are 
accessible from the same point of #,-#.—G*-H,-H,. Lemma 6 can be 
applied to the interval of G whose endelements are K,- G* and Ka: G* and 
the conclusion of the foregoing paragraph can be applied to the remaining 
two intervals of G. This completes the proof of the sufficiency of the con- 
ditions of Theorem 3. 


THEOREM 4. If G ts an upper semicontinuous collection of mutually 
exclusive, compact, atriodic continuous curves which is an arc with respect 
to its elements then there exists a continuous collection W of mutually 
exclusive continua filling up a continuous curve in such a way that G is 
imbedded in W and every element of G is topologically equivalent to the 
element of W in which it is imbedded if and only if (1) each non-endelement 
of G is a K-curve of G, (2) if H is a closed subcollection of arcs of G then 
for no natural number n ts it true that H™ — H, (3) the collection of all 
degenerate elements of G is closed and (4) tf the simple closed curve or 
endelement, h, of G ts a subset of the boundary of a complementary domain, 
D, of the sum of the simple closed curves and endelements of G then some 
point of h is accessible from D. 


Proof. Suppose such a collection, W, exists. The truth of (3) is obvious 
and it follows from arguments similar to those used in the proof of Theorem 
3 that (1) and (2) are true. Since (1) is true, any three simple closed 
curves of G can be labeled #;, t» s in such a way that either #, is interior to 
ta and t> is interior to ¢, or t, is interior to t, and łe and tą are mutually 
exterior. Suppose K is the collection of simple closed curves and endelements 
of G. The collection K is closed. Suppose D is a complementary domain of 


K* and let +, and +, be the elements of K whose sum is the boundary of D. 
X 
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(If D is bounded by only one element of K, it does not intersect G* and thus 
(4) is obvious.) If z, (i= 1,2), is agyclic let x’ ==; otherwise let w’ 
denote 2; plus its complementary domain which does not interest D. Let 
U be the collection consisting of zr, vo’ and all elements of W between 2 
and zə The collection U is an arc with respect to its elements, its non- 
end-elements are acyclic and neither of its endelements separates the plane. 
Clearly U* is not the entire plane, it has only one complementary domain, V, 
and the boundary B(V), of V is a compact continuous curve. It follows from 
Theorem 3 of [5] that every non-endelement of U intersects B(V) and thus 
that zı and x, interesect B(V). Therefore x, and z, each contain a point 
accessible from V. But V is a subset of D— D-G*, a connected domain. 
Therefore x, and z, contain points accessible from D—D-G*. Thus the 
condition of Theorem 4 is necessary. 

Suppose G is a collection satisfying all the conditions required of it in 
the statement of Theorem 4. Let Z be the collection of degenerate elements 
of G If K+ L= G it follows from (3) and the fact that every non- 
endelement of G is a K-curve of G and consequently that K is continuous, 
(see the proof of Theorem 3 and Theorem IT of [1]) that G is continuous 
and G* is a continuous curve. 

If G contains an arc not in K + L there is a Sons of arcs of G 
whose endelements belong to K + Z. The collection of all such segments 
is countable. Denote them by U, Us, U3,--- and denote their respective 
endelements by z; and y; From condition (4) it follows that there is a 
sequence Jai, Jo, ds," - - of simple closed curves every convergent subsequence 
of which converges to a subset of an element of @ such that for each 2, 
(1) Ji: G# is a subset of a+ y, Jiti and Ji’ yi are degenerate and 
ti — tı: J; (if it exists) is not separated in the plane from y,— y" J; (if it 
exists) by Ja (2) U” is a subset of the complementary domain of J; + + y 
whose boundary is J; + t; + y; and (3) if p1 and J, and J; intersect, 
their common part is a point, U; and U, have a common endelement and 
J,*J, is a subset of this endelement. Because of the continuity of K +L, 
if the methods of Lemma 6 are now applied to the intervals zy; of G where 
Gi, Yi, Ji, and D, replace Ji, Jo, J, and Ei: Ea respectively of Lemma 6, the 
proof that the conditions of hTeorem 4 are sufficient is now complete. 


GOUCHER COLLEGE. 
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ON ALGEBRAIC HOMOGENEOUS SPACES.* 


By Morixunr Goro. 


1. Introduction. For the sake of simplicity, we call a connected com- 
pact complex analytic homogeneous manifold a C-space, if the fundamental 
group is finite, where by homogeneity we mean the existence of a transitive 
group of biregular automorphisms. The problems on C-spaces, especially the 
classifications of C-spaces, were studied in detail by H. C. Wang in Closed 
manifolds with homogeneous complex structure, American Journal of Mathe- 
matics, vol. 75 (1953), which will be quoted as [Wang] in this paper; 
Wang defined a C-space as a simply connected C-space in our definition. 
Here we shall consider a special class of C-spaces. 

Let & be a connected compact Lie group, and U a closed subgroup of &. 
It is well-known that all maximal connected abelian subgroups of & are 
conjugate tori, and the Euler characteristic x(8/U) of the coset space À/1 
does not vanish if and only if U contains a maximal torus &. We shall call 
a coset space R/U semi-simple if x(R/11) £0. Since any C-space is homeo- 
morphic to a coset space of a connected compact Lie group, we obtain a class 
of semi-simple C-spaces. 

Let us denote by Proj. (s) the complex projective group of dimension s, 
and by Grass. (2) the Grassmann manifold, the manifold of n dimensional 
linear subspaces in the r dimensional complex vector space. By using Plücker 
coordinates, Grass. a) is imbedded naturally in Proj. (CG — 1) as an 
algebraic subvariety. A complex analytie manifold V of complex dimension 
n is called algebrate (an algebraic variety) if there exists a biregular mapping 
from V onto an algebraic subvariety V, of a certain dimensional projective 
space. And if, in particular, we can find V, which is birationally equivalent 
to Proj. (7), we call V rational (a rational variety). 

The principal result in this paper is the following: 


THEOREM. A C-space is a rational variety if it is semi-simple, (and 
vice versa ?). 


* Received January 4, 1954. . 
* A. Borel in “ Sur les espace homogènes Kähleriens compacts ” (to appear) proved 
that a C-space is semi-simple if it is Kählerian. 
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Let V be a semi-simple C-space of complex dimension n, homeomorphic 
to R/U, where & is a connected compact Lie group of dimension r. Then, 
more precisely, we can give a biregular mapping from V into Grass. n)? in 
such a way that the image is a subvariety composed of an n-dimensional affine 
space and a proper subvariety. 

As a special case of the above theorem, the coset space R/Z of a connected 
compact Lie group modulo a maximal torus has a complex structure of a 
rational variety. 

Now we shall call a semi-simple C-space simple if it is homeomorphic 
to a coset space of a compact simple Lie group. Then, as to the structure 
of semi-simple C-spaces, we have: 


I. A semi-simple C-space 1s a direct product of a certain number of 
simple C-spaces. 


The classification of simple C-spaces was done almost completely in 
[Wang]. Also as a direct consequence of our theorem and [Wang], we have: 


IT. À C-space is a complex analytic fibre bundle with a torus as the 
fibre over a rational variety. 


The subjects of this paper have connections with those of recent works 
of A. Borel and A. Weil (to appear). In particular, the fact that a semi- 
simple C-space is simply connected (§ 3, Proposition 1), was pointed out by 
Borel. The proof given here is a by-product of our methods and is different 
from the proof of Borel. 


2. Lemmas. 1. Let @{r) be the group of all non-singular matrices 
-of degree r over the field of complex numbers, and let 9t(r) and P(r} be 
subgroups of ©L(r) composed of all elements of the form 


| 1 0 $ * 
1 ok 


| E and E 
* © 1l 0 $ 


respectively. We call an element g = (gy) in GQ(r) singular if some of 
the determinants 





gu Jir fiz Jit J12 Gis D Ca oe 
Jor G22 Jar Jor Ju |” ? fga ge `> ogera 
TOET ssl E ttt tte 
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vanishes, and denote by © the set of all singular elements. ‘Then it is easy 
to see that a non-singular element g of GR(r) can be decomposed into the 
product of an element n(g) in Jr) and p(g) in G(r). In fact, we have: 


Lemma 1. GR(r)—G = MN(*)R(r),? Nr) N P(r) — 1 (the unit matrix). 
The decomposition g — n(g)p(g) is unique, and the coefficients of n(g) and 
p(g) are rational functions of gi; 


2. Let G be a complex semi-simple Lie algebra of dimension r. After 
H. Weyl we can choose a complex basis hy,- © +, hi, Cay Cay" ° * > Su C-w Of G, 
so that [hi hj] —0 (,7—1,:--,0), 


[ 2 dihi, Ca] = (GA) ea, (aa) = > hi 


i=l . 
l 
Lea, e-a] => ashi, Lea, eg] = Napeasp- 
i=1 


Here a= (@1,° * * ,&)," ©- are real vectors, called root vectors, and each 
Nag is a real number, which does not vanish if o + B is a root vector. If 
x + 8 is not a root vector, we may put Nog = org = 0. | 

We define a linear order in the ¿ dimensional real vector space R}, so 
that R! becomes an ordered abelian group. We put namely 


(An, 7; > M) > (N's; oe *, À) 
if Ads + + Ata = Nia, À > N; for some i. Then we can decompose G 
into a direct module sum of two subalgebras defined by 
N = lea +: : + Ces, P = Ch, +: j -+ Chi + Cea +: z -+ Ces, 


(a >0,: ++, > 0) where C denotes the field of complex numbers. $ 
Let v be an element of G. We denote by ads the matrix representing 
the mapping adz -y = |z, y], ye G, with respect to the basis 


Car” * "s Cw, Rs” | Ay Cw, ° " "5 Cay 
(4>°°+->w>0>—e>:: > — a). 


The correspondence z — ada gives a faithful representation of G. We use a 
Latin capital * for a complex subalgebra of G, and use the notation ad* 
= {adr|æe*}, and the corresponding German capital denotes the matric 
Lie group generated by ad*. For example, G is the Lie group, generated by 
adG, namely the adjoint group of G. 


* This decomposition was used by I. Gelfand in his theory of unitary representations 
of Lie groups. 
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Lexma 2 GNN(r) =N = {n(g)| ge GS —S} 
© NPr) == {pg | ge —S} 
S—S=NP, NNP=1: 

Proof. Since G=N+P, NN P =0, we have adG = adN + adP, 
adW N adP — 0. Therefore we can take nuclei N; and P, of the Lie groups 
N and P, integrated by adN and adP respectively, so that G = I; 
(N N P: = 1) is a nucleus of Œ, where by a nucleus we mean a neighborhood 


of the identity. Here, by our choice of the basis the matrices in adN and 
adP are of the forms 


0 0 x +) 
and 
+ E 0 E 
respectively, whence we have N C Mr), PE P(r). 
Now it is known that G coincides with the identity component of the 
group of all automorphisms of G, and therefore algebraic. In fact we can 


find polynomials 1, ¢2,° - : with respect to r? variables é; (4,7 ==1,:-°-,71), 
so that 


Da (éy) = ġa (éy) = += 0 imply (&) © G. 
For g in ®©, n(g) is contained in N. Hence 
pı(n(g)) = p: (n(g)) =" > —0, ge Gr. 


On the other hand, since © N © is a proper subvariety of ©, the complex 
dimension of @ N © is less than r, whence. — © is a connected manifold. 
Therefore the equalities must be valid everywhere in ©— ©. Hence 
n(g)e@, namely {n(g)| geG—S} CGNMN(r). The converse implica- 
tion is obvious. Thus we get © N M(r) = {n(g)| ge G— GS}. 

The left hand side is a closed subgroup, which is a connected set by the 
equality. Differentiating the closed connected subgroup N (r) N ©, we get. 
clearly the Lie algebra adi. 

By the same argument, we have the relations on S$. 


3. Let A be the set of root vectors of G, and M a linear subspace of 
R’, and let ® be the set of root vectors in M: =ANn M. Denote by EL 
the complementary set of ® in A:A—@-=.61. Then, © contains — 8 with 
B, and if B and g’ are in & and if 8 + g is a root vector, then B + B'e &. 
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Moreover, that xe 61 and Be® implies «+ Be, if it is a root vector. 
We may assume that à | 


a(1) >: + +> a(n) >p) > ->B(m)>0>—B(m) >-- > 
—B(1) >—a(n) >: + > — a(l), 
where + a(i) e@1, + B(j) ce. In fact any basis of Æ? such that the last 


part of which constitutes a basis of M gives a desired ordering of Ri. 
Consider the following subalgebras of G: 


Pı E Cean) + CUS + Ceatn)s 

Pa = Cego +--+ > + Cesçm) + Chi +: +--+ Ch, 
Ny = Cea bo "+ eut, Ne = Cega +: > > + Cepim) 
P—P,+P,, N =N, +4 N, H=P +N 


Then we have G =N, + H, Nin H=0, and [H, H] = P, + [P +N: 
P+ No], where [P -+ Na, Po + Ne] is a semi-simple subalgebra corre- 
sponding to the root system ®, and P, the radical (maximal solvable ideal) 
of LH, H]. 

Since P, is an ideal of H, we have ad H : Pı G Py. Conversely, let x be 


an element of G so that ade: P, € P. We may put s = y + 5 ée — a(j), 
gal 
yeH. Because [eut, Eu] is a non-vanishing linear combination of Ws 
and [5 Ej0.0(j)> Cas) | = lat) €o] + (a linear combination of es), é 
j=1 


must be zero, namely ce H. Thus we have H = {g| ad z: P, G Py}. 

Let $(r) be the subgroup of GL(r) defined by S(r) = {gl g: Pı = Py}. 
Then the Lie algebra of (r) N © must be ad H. Therefore the Lie sub- i 
group § corresponding to ad H is the identity component of $ (r) N ©. Now 
let n($) be the normalizer of § in ©, and g an element of n($). Since P, 
is the radical of [H, H], $ is a characteristic subgroup of ©. Therefore 
g°*Sig = Pa namely g: Pi = Pa, whence ge G(r). Since $ is normal in 
(r) N ©, we have n($) = G(r) NG. 


4. Since N = N, -++ N: and N, is an ideal of N, we have N — RNa, 
where 9; (i= 1,2) is a Lie subgroup corresponding to ad V;. On the other 
hand, by Lemma 2 we know that G—G—=M. Therefore we have G—G 
E, (Rita) P = N, (N-P) C IG. 

Now, let N (r) be the matric Lie algebra of N(r)}. For s in N(r), 
exp2e=—1l+2+42°/2!+:--- is a polynomial of x of degree less than +. 
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Conversely let g be in N(r). Then log g = (g — 1) — (g —1)?/2 +: -> 
is also a polynomial of g degree less than r, and we have exp(log g) = 9, 
log (exp z) =s. Thus the mapping 

N (r) oa = (2y) = expo = 1 + (yy) eR(r), i>j 
is one-to-one and onto, where each yy is given as a polynomial of 2’s and 
vice versa. 

Let g be an element in N, N 1(G). Since g is contained in N, we have 
g = exp(ad x), ve N,, where ad v is a polynomial of g. Since g: Pi = Pa, 
we have ad v: P, G Py, whence se H. Since Ni N H = 0, we have g= 0, 
namely g = 1. Thus we have 3,9 »(§) — 1. 

Suppose that n($) is not connected, and let us decompose n($) into 
cosets modulo 6:n($) — & + gı +: ::, which yields Nın (9) =H 
+ Ng: + - - -, where -b denotes the direct sum of sets. Since 9,6 con- 
tains an open set, so does %,$g:. On the other hand 


N99. CS = G—RG CGN, 


where & N © has a lower complex dimension than @. This is a contradiction. 
Therefore § must coincide with n($). 


Lexma 3. §=1(§)—GN G(r), G—S' MS, WNS—I1, 
where © is contained in a closed set of lower complex dimension. 


5. LEMMA 4 The complex coset space GR(r)/G(r) is biregularly 
equivalent to Grass. ( ny 


Proof. Consider the mapping f defined by 
GL(r) 3g = (9192: ` ` gr) > [91 A ge A+ > À gn] € Grass. (7), 
where 
Qu ir 
Jri Orr 
and [g:/\---A gn] denotes the element of Grass. (7), spanned by 
Jis’ * ‘5 Gn | 
This mapping is onto, and two elements g and g’ == (9/19’2: > °g,) go 
to the same point if and only if 
g'i = tagi + f ` Qinga (i = 1, 2, i ‘,n), 
namely g =gh he G(r). Hence f is one-to-one on the left coset space 
G(r) /H(r), and is clearly biregular. 
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3. Propositions. We shall start from a C-space V of complex dimension 
n, and first mention the results in [Wang] in a way which is convenient 
for us: ° 

There exists a connected complex semi-simple Lie group 6 of biregular 
automorphisms transitive on V. ‘Therefore V is biregularly equivalent to a 
coset space @/R, where © is a closed complex subgroup of @. Let G be the 
Lie algebra of G, and L that of & Then we can find a subalgebra H which 
satisfies the conditions in $ 2. 3., so that G D HD L and [H, HE] = [L, L]. 
Here H coincides with Z if and only if V is semi-simple. 

Let D be the (finite) center of @. Then the factor group G/D is 
isomorphic to the adjoint group ©. Let § be the closed Lie subgroup 
corresponding to H in ©. Since n($) =Q by Lemma 3, and since D is 
known to be contained in $, the normalizer n($) of § coincides with $, 
and G/$ is biregularly equivalent to G/S. 

Let V be semi-simple. Then since Q coincides with § locally, n($) = Š 
implies Q— $. On the other hand G/§ is known to be simply connected. 
Thus we have: | 


PROPOSITION 1. A semi-simple C-space is simply connected. (See the: 
end of $ 1.) 


Now we shall prove the following: 


PROPOSITION 2. À semi-simple C-space V is a rational variety, con- 
taining a complex affine space V, such that V — V, is a subvariety. More- 
over there exists a biregular mapping from V into a projective space which 
is rational in terms of a system of affine coordinates on Vo. 


Proof. We may assume F = G/. By Lemma 4 we have a biregular 
mapping f from GX(r)/H(r) onto Grass. GY Since © N S(v) = G by 
Lemma 3, f is one-to-one on @/$. Therefore f induces a one-to-one biregular 
imbedding of V into Grass. ( n)- | 

Now by the decomposition © — © = 9,9, V contains an open sub- 
manifold V, = f (N1). Let é,---,& be the parameters of the Lie algebra 
N;. Then the Pliicker coordinates of f(V.) are polynomials of &,- : <, ém 
say fo(é),° < -,fw(é), where N = ( n) — 1. Let üs construct the irreducible 
variety with the generic point (f;(£)). Tt is clear that the variety coincides 
with f(V). 

Thus we obtained a rational mapping from Proj. (n) onto f(V). Since 
the algebraic correspondence given by £— (f;(£)) is one-to-one for generic 


+ 
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points é, the mapping is birational, whence f(V) is a rational variety. The 
image of the co-hyperplane in Pfoj. (n) coincides with f(V) —f(Vo). 


PROPOSITION 3. A C-space is a complex unalytic fibre bundle over a 
rational variety with a torus as the fibre. 


Proof. We retain the above notations. Let V —=G/2 be a C-space, 
and g an element of 2. Since P, (see § 2. 3.) is the radical of the commutator 
subalgebra [H, H] = [L, L], the corresponding Lie subgroup is a charac- 
teristic subgroup of the identity component of L. Therefore 91.9 = Bi, 
namely gP, = P,, whence g is contained in Š. Thus, Lisa subgroup of §. 
Since À contains the commutator subgroup of &, 2 is a normal subgroup of 
Š, and the factor group §/2 is abelian. Hence §/& is considered as a 
complex toral group operating on V = G/%, and we have: V /$/2— G/$, 
which establishes the proposition. 


PROPOSITION 4 À semi-simple C-space is a direct product of simple 
C-spaces. 


Proof. Let G/$ be a semi-simple C-space, and let G=G,-+---+ Gs 
be the decomposition of the Lie algebra G into simple ideals. Then clearly 
H—=—H,+---+H,, where H; is a subalgebra of Gi (1=1,2,:-:-,8.) 
Let ©; be the adjoint group of Gi, and §; the Lie subgroup of G; corresponding 
to ad H;i. By Proposition 1, $ is connected. Since © — &, X : -X G,, 
we have SG = 6, X: X $., whence @©/§ = G1/G1 K+ -X Gs/Hs. 


These propositions clearly imply the statements mentioned in $ 1. 
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NUMBER OF POINTS OF VARIETIES IN FINITE FIELDS.* 


By SERGE Lane and ANDRE WEIL. 


1. Statement and proof of the main theorem. Let V be a variety in 
a projective space Pr. If V has dimension 7 and degree d, we shall indicate 
this by writing V = Vyar. A point of V can be represented by homogeneous 
coordinates (£) = (%0,° ``, za), and we shall also say that (x) is a point 
of V. We use k to denote a finite field and q to denote the number of 
elements in k. Let V be defined over k. A point (x) of V is said to be 
rational over k, or more briefly to be in k, if its coordinate ratios 2,/a; (2; 0) 
are in k. We intend to give an estimate for the number of points of V which 
are In k. Denoting this number by NV, we prove 


Turorem 1. There exists a constant A(n,d,r) depending only on 
n,d,7 such that for any variety V=Vy,ar defined over a finite field k 


we have 
| N — g | S 8ga + A(n, d,r) gr 


where ò == (d — 1) (4—2). 


If r= 1, i.e. if V is a curve, the above diophantine statement is a 
reformulation of the Riemann hypothesis in function fields [2]. Indeed, let 
V, be a non singular projective curve, defined over k, birationally equivalent - 
to V over k. Let g be the genus of V and V,. Then we know that the 
number N, of rational points of V, satisfies | 1 -H qg — N: | S 2gq3. Each 
non singular point of V corresponds to exactly one point of V,. The number 
of singular points on V is bounded by a constant depending only on d, and. 
each singular point of V corresponds at most to d points on V;. Hence 
IN —N|< A where A is a constant depending only on d. This shows: 
that | N — q | S 2g -+ (A +1). Using the fact that g = 4(d — 1)(d — 2). 
we see that Theorem 1 is true for r = 1. 

The proof of Theorem 1 will now be carried out by induction on the 
dimension 7, and the arguments will be of an elementary nature. 

We begin by two lemmas and use throughout the terminology of [1], 
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except that a bunch of varieties will be called an algebraic set. We shall say 
that an algebraic set is defined over k if it is defined by algebraic equations 
a= 0 with coefficients in k. If the algebraic set is in projective space, then 
the f, can be chosen to be forms, and the algebraic set is identified with the 
rays of zeros of these forms. For example, a hyperplane H in Pr is defined 
by an equation $, wX; = 0. If wek, then H is defined over k, or as we 
shall say more briefly, H is in k. 

Let Z be a positive cycle in P”, of degree d > 0, and dimension r. We 
can then write Z — > a,V; as a formal sum of distinct varieties V;, with 
integer coefficients a; > 0. We then have d= deg Z = Y'a: deg V, and 
dim V; =r for each i. By a point of Z we shall mean a point of any of the 
varieties V4 The set of points of Z is an algebraic set denoted by | Z |. If 
Z is rational over k, then | Z| is defined over k. We let Nz be the number 
of points of Z in k. 


Lexma 1. There exists a constant A, (n, d, r) depending only on n, d,r 
such that for any positive cycle Z in P*, of degree d, dimension r, and rational 
over k, we have Nz = Aig’. 


— 
—— 


-Proof. By induction on the dimension 7. Suppose first r—0. Then 

| Z | consists of at most d points, and the lemma is trivial. Assume now r= 1. 
If we express Z as a sum of prime rational cycles over k, then there will be 
at most d such cycles in the sum. Hence it suffices to prove the result for a 
prime rational cycle. Let (Xo,- -+,Xn) be the variables of P”. For some 
pair of indices, say (0,1), Z (which we assume to be prime rational over k) 
intersects properly the hyperplanes Hg defined by the equations X, — éX, = 0 
where £ ranges over k, and the hyperplane H defined by X, —0. Every 
“point of Z in k is contained in one of the cycles Z-H¢ or Z- H, each of 
which has degree d by Bezout’s Theorem ([1], App. I) and is of dimen- 
sion *—1. According to the induction hypothesis, there exists a constant . 
B(n,d,r—1) such that Nz.n¢ and Nr & B(n,d,1—1)g"*. As we have 
exactly q + 1 cycles, we see that there are at most B(g + 1)g** points in Z, 
and this is certainly = 2Bqr. The constant 2B is what we are looking for. 
Our second lemma will be concerned with the following situation. Let 

V be a variety in P”, of dimension r = 2, and not contained in a hyperplane. 
Let P” be the projective space dual to P”, and let (w) == (Wo ' + +, Wn) be 
the homogeneous coordinates of a point in P”. Let Hy be the hyperplane 
defined by $; w:X,—0. Then the set R of points (w) of P’ such that the 
cycle V -Hy is not a variety is an algebraic set, defined over every field of 
definition of V, and RAP’. (Cf. [4], §1, 6). The hyperplanes H such 
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that V -H is not a variety may therefore be viewed as forming an algebraic 
set R in P’. Lemma 2 gives an estimate for the number of such hyperplanes 
defined over a finite field hee 


Lemma 2. There ET a constant A(n, d, r) depending a on n, d, T 
having the following property. If V = Vnar is any variety defined over k, 
not contained in a hyperplane, and if Np is the number of hyperplanes H 
in k such that V- H is not a variety, then Nr = Aq 


Proof. Let Z be a positive cycle of dimension r and degree d in P”. 
Let F(U,: -, U®) be the associated form of Z. It is of degree d in each 
set of variables U,- - +, U0, and its coefficients are called the Chow coordi- 
nates of Z. These are viewed as the homogeneous coordinates of a point in 
a projective space PM. The coordinates (c) (co, ` * , Car) of a cycle which 
is not a variety form an algebraic set C in PM (cf. [4], §1, 6), and C is 
defined over the prime field. We let ġa = 0 be a finite system of equations 
with coefficients in the prime field, defining C. The forms a depend only 
on n, r, and d. 

Let now V == V,a- be a variety defined over k, not contained in a hyper- 
plane. Let (w) be a point of P’, and let c(w) == (co(w),: ©, cy(w)) be the 
Chow coordinates of the cycle V-H,. If PF(U,---,U) is the associated 
form of V, then it can be verified that the associated form of V-H,, is 
F(w,0,-+-,U%%). Hence each c(w) is a form of degree d in the 
quantities (w), with coefficients in k. 

Let Æ be the algebraic set of points (w) in P’ such that V- H, is not a 
variety. This algebraic set À is defined over k, and we have (w) e R if and 
only if c(w) eC, i.e. if and only if dg(c(w)) = da(co(w),: * `, Cx(w)) —0 
for all « If (W) = (W,,: ~~, Wn) are the variables of P’, at least one of 
the polynomials p(c(W)) does not vanish identically. (If they all did, 
R would be the entire space P’, which is not true.) The degree of this 
a(c(W)) depends only on the degree of da and on the degree d of each 
&(W). Since the ġa depend only on n, d, and r we have proved that R is 
contained in a hypersurface ¢.(c(W)) —0 with coefficients in k, whose 
degree is a constant e depending only on n, d, r. This hypersurface defines 
a positive cycle Z in P”, of degree e and dimension n — 1, rational over k. 
By Lemma 1, we have NL = Nz S A;(n,en—1)g": where A, is the 
constant of Lemma 1. Putting A.(n, d, r) == Ai(n,e,ñ —1), we see that 
Lemma 2 is proved. 


Remark. All the constants depending on n, d, r which we are finding 


in this paper can easily be estimated, except for e in the proof of the preceding 
lemma, 
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We are now in a position to prove the main theorem. 

Let V = Vp ar be defined over k. We may assume that V is not con- 
tained in a hyperplane. Indeed, if V is contained in a hyperplane, or in a 
linear variety, then it is easily verified that the smallest linear variety Lo 
containing V is also defined over & (The linear forms defining Lọ are 
precisely the linear forms contained in the prime homogeneous ideal in k[X] 
defining V.) Lo can then be viewed as a projective space of dimension no = n, 
and it would suffice to prove our theorem for V as a subvariety of Lo. 

If V is not contained in a hyperplane, then the cycle V-H is defined 
for every hyperplane H, and Lemma 2 will be applicable. 

We consider the pairs ((x), H} consisting of a point (x) of V in k and 
a hyperplane H in P’ defined by an equation X, w,X#;— 0 with wiek and 
passing through (x), i.e. such that H(z) = Siwy;—0. We shall count 
these pairs in two ways. 

We shall denote by «,.. the number of points in & in the projective space 
Pr, This is given by kai = g™*—1/q—1=—=1+q+---:+q. This is 
also the number of hyperplanes H of P’ in k. Similarly, the number of 
hyperplanes in & passing through a given point (x) in kÆ is x, From these 
remarks, it follows that the number of pairs ((x), H) is given by the 
following two equal numbers: 


Nkr = > Ny- n 
H 


where NW is the number of points of V in k, Ny.y is the number of points of 
the cycle V- H in k, and the sum is taken over all hyperplanes H in k. 
Solving for N, and using the same notation as in Lemma 2, we see that N 
is equal to 

1 1 
(1) — A Nra F 2 Nra 

Kn HER Kn HeR , 
where À is the algebraic set of hyperplanes H such that V - H is not a variety. 

If Npr is the number of terms in the second sum, i.e. the number of 
hyperplanes H in R, the number of terms in the first sum is ke — Npr- 
We shall now estimate the two sums, and begin with the first one. 

For H¢R, V-H is a variety of degree d, dimension r— 1, defined 
over k. It follows from the induction hypothesis that for H¢R, we have 
| Ny. — grt | S 8g- + Asq? where As = A (n, d, r — 1) is the constant 
determined inductively, depending only on n, d, and r—1. Summing over 
H¢k, and dividing by «n we get 


1 UN 
| ee, > Ny-u— Q | -r die + Asq") 


VARIETIES IN FINITE FIELDS. 823. 


where Q = krt (kn — Nr). We note that kn = Qkn + 1, and g™* S ku. 
Also we know by Lemma 2 that Npr S 49" = Aakn This shows that 
|Q—q’|S0+4+42)q™? and that kn (kn — Nr) S kn nn S q 41. From 
this we conclude immediately that 


1 
(2) \— X Nrn—g | Sig + Aug 
Kn H£R 


with a suitable À,. 
We now turn to our second sum, $, Ny.xz, and we shall prove that it 
HER 


can be absorbed by the error term involving q> only. 
If Heh, then V-H is a cycle of degree d, dimension 7 — 1, and rational 
over &. By Lemma 1, it follows that Nr.x = Aig’ for a suitable constant. 


A1. By Lemma 2, we know that Nr = Azg™*. Hence 


n-1 
(3) L Y Nyon ET Adag S Ag 


Kn HeR 
because q”t <= kn, as we have already remarked. 
Combining (1), (2), and (3) we see that there exists a constant Ae. 
(the desired constant A (n, d,r)) such that | N — q" | S 8q + Aeg. This 
concludes the proof of the theorem. 


2. Corollaries and applications. We list some of the immediate corol- 
laries to Theorem 1. 
In the first place, our theorem is of the nature of an asymptotic result. 
If kp, is the extension of degree v over k, and NO) is the number of points of 
V in k, then | 
NM = g" + O(qr")) for vo. ° 


‘In particular, if v—œ then N®)->c also. We shall now see that this. 
asymptotic behavior can be stated more generally for abstract varieties. 

Let V = Vu ar be a variety defined over k, and let F be a frontier on V 
(i.e. an algebraic set properly contained in V) also defined over k. Let. 
Ny» = Ny — NO; be the number of points of V — F which are in kp. 
Then from Lemma 1 we see immediately that | N™y_»—N®y, | S Byer 
where B is a constant depending on V and on F. 

If V and V’ are two varieties of dimension r in P”, defined over k, and 
if T is a birational correspondence between them, also defined over k, then 
there exist frontiers F and F’ defined over k such that T is everywhere 
biregular in V — F and V’— F’. T gives a 1— 1 correspondence between 
the points of V — F and those of V’ — F’, so NOy-p = NMyp_p. 


e 
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Let now V == (Va, Fa, Tha) be an abstract variety, represented by varieties 
Va in projective space, with frontiers Fa and birational correspondences Tga, 
all of which are defined over k. If P is a point of V, then P has repre- 
sentatives Pa in some of the Va. If one of these Pa is rational over k, then 
so are all the other representatives, and hence in this case we may say that 
P is rational over k. 


If K is a function field of dimension r over k, then we shall say that an 
abstract variety V is a model of K if V is defined over k, and if K =k(P) 
where P is a generic point of V over k. The following two corollaries of 
Theorem 1 are immediate consequences of the preceding discussion. 


Corotuary 1. Let K be a function field of dimension r over a finite 
constant field k. If V is any abstract model of K, and N™ the number of 
points of V in ky then N™ — g", mod O( gq’), is a birational invariant 
(i. e. does not depend on the choice of the model V of K). 


COROLLARY 2. Let K/k be as in Corollary 1. There exists a constant y 
such that for any abstract model V of K, we have 


| VO — gr | Syed + Bye 


where B is a constant depending on V. If K has a projectwe model of 
degree d, then we can take y = (d—1)(d—2). 


The smallest constant y that can be selected in Corollary 2 is obviously 
a birational invariant, and we shall return to discuss it below. For the 
moment, we note that an abstract model of the function field K can be 
projective or affine, and can also be chosen without singularities, because the 
singular points on a variety defined over * are a frontier F, properly con- 
tained in V and defined over k. Hence our corollaries show that as v increases 
indefinitely, the number of simple points on V in k, also increases indefinitely. | 


COROLLARY 3. Let V be an abstract variety defined over k. Let m be a 
given integer. There exists a zero dimensional positive cycle on V, rational 
over k, and of degree prime to m. Hence there exist cycles on V which are 
zero dimensional, rational over k, and of degree 1. 


Proof. From the above remark and the corollaries, there exist non 
singular points of V in the field kp when v is sufficiently large and prime to m. 

The preceding result generalizes the well known theorem that a function 
field in one variable over a finite constant field always has a divisor of degree 
1. In this vein, we can state the following invariant result: | 
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COROLLARY 4 Let K be a function field over a finite constant field k. 
Let x," + +, €n be a finite set of non zero ebements of K. For all v sufficiently 
large, there exists a place œ of K which is k,-valued, and such that $(a) 0, 
=£co for any i. j 


Proof. After enlarging our set (x) by a finite number of elements if 
necessary, we may assume that k(x) = K, and that for each 1, a? appears 
in the set (z). Under these assumptions it suffices to prove that there exists 
a place ġ of K which is ķk,-valued and such that (a) is finite for all z; 
We view (x) as the generic point of an affine variety V defined over k. By 
Corollary 1, for all sufficiently large v, there exists a point (2’) of V in k, 
which is simple on V. If 0 is the specialization ring of (2’) in K and p the 
maximal prime ideal, then 0/b is isomorphic to the subfield k — k(x) of kp 
(The isomorphism is induced by the map f(x) — f(x}, fek[X]). Since: 
k is perfect, the completion of o is isomorphic to a power series ring 
ke’ {t} == k’{t,,- - -,t,} and K can be identified with a subfield of the quotient 
field Q of k’{t}. It is clear that there exists a k’-valued place $ of Q mapping 
each t; on 0. (For instance, view Q as a subfield of the repeated power series 
field T = k’{t,}{t.} +--+ {t}. By mapping successively each t; (j =r," +51) 
on 0, we get a k’-valued place œ of T.) Since the quantities s; are in o for 
all i, the place ¢ is finite on the sx. The restriction of $ to K gives the 
desired place. E 

We now turn to the applications of Corollaries 1 and 2 to the zeta 
function. Let V be an abstract variety of dimension r, defined over k. We 
associate with V the analytic function Z (U) defined by 


dlog Z (U) /4U = S Nour, | 


yzi 

If V is complete and without multiple points, then Z (U) is the zeta function 
of V [5] and Weil’s conjectures state among other things that Z(U) is a 
rational function, satisfying a functional equation of the usual type. If V 
has singular points, or is not complete, then the function Z(U) is probably 
still a rational function, but it need not satisfy a functional equation. 

We shall not at this point go into a detailed analysis of the relation 
between the functions Z(U) associated with arbitrary varieties, and those 
associated with complete varieties without multiple points, because the results 


which we shall now prove as a consequence of Corollary 2 will be applicable 
to any variety. 


COROLLARY 5. Let V be an abstract variety of dimension r, defined 
over k. Then the associated function Z(U) has no pole or zero in the circle 
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| U | < q7”, and has exactly one pole of order 1 in the circle | U | < q, 
namely at U = q7. | 

Proof. According to Corollary 2, we can write NO = g7 + Apt, 
where A, is a constant, bounded in absolute value by a fixed constant A. 
This gives 


d log Z(U)/dU = g 2 (PU) + & A,(g 0)". 


The first of these series is the geometric series and defines the function 
1/(1— qU). Since — q"/ (1 — q'U) = d log (1—qg'U)/dU we see that 


dlog [Z (U) (1 — qU) | /4U = > A,(grtU)”. Hence Z(U)(1—q'U) has 
p=l 
no pole or zero in the circle | U | < g-“-»- because the latter series converges 


in that circle. Furthermore q” is a pole, and is the only pole inside the 
circle, as was to be shown. 


COROLLARY 6. Let V and V’ be two varieties which are birationally 
equivalent, and let Z(U) and Z’ (U) be the associated functions. Then the 
function Z(U)/Z’(U) has no zero or pole in the circle | U | <q. Hence 
the zeros and poles of Z(U) in this circle are birational invariants. 


Proof. Tt is clear from Corollaries 1 and 2 that the series for 
dlog Z(U)/dU — d log Z’(U)/dU == d log (2(U) /2’(U))/dU 


converges in the circle | U | < g-Y, and hence that Z(U)/Z (U) has no 
zero or pole in the circle. 

Concerning the behavior of Z(U) for U| gt we can aie make 
the following conjectural statements, which complement the conjectures of 
Weil [5]. 

Let P be the Picard variety of V. P is an abelian variety, whose dimen- 
sion g is the irregularity of V. Let : be the endomorphism induced on P by 
the automorphism (x— 27) of the universal domain, and let 


2 
F(U) IT (1— a) 
{=l 
be the characteristic polynomial of ı as defined in [8], §67. Then the 
series for 
d log Z(U)/dU + dlog (1 — q'U)/dU — d log F(U)/dU 


. converges in the circle | U | < g-*-), and the function Z(U)(1 — g'U)/F(U) 
has no zero and no pole inside this circle, amd has at least one pole on the 
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circle |U | = g7, provided of course that V is complete and without 
multiple points. A 

Furthermore, if K/k is a function field as in Corollary 2, and if y is 
the smallest constant for which Corollary 2 holds, then y = 2g. (This gives 
the explicit determination of y as a birational invariant.) 

If V is a curve, then P = J is the Jacobian variety, and g is the genus 
of the curve. For this case, all the preceding statements are well known and 
are contained in [2], except for the last, i.e. that y == 2g is actually the best 
possible constant for the inequality | NO — q” | S yg + B of Corollary 2. 
As to this, it obviously suffices to prove it in the case that V is complete and 
without multiple points, and then it amounts to proving that y == 2g is the 
best possible constant for the inequality | 1 + g — NO |< yg”. Actually, 
this last statement is implicit in [2], as the following argument shows. 


2 
We have ([2], 822, p. 91) Jl +¢7—NO|—o(v) = Yu and 
421 


| æ; | = 3, so that we can write œ; = géexp (27i6;) where 6; is a real 
number between 0 and 1. Hence we can write 


2g 
ou) = È X, exp (2z7iv6;). 
i=1 


29 
For infinitely many v, X, exp(27w6,) will be as close to 2g as we please, and 
4=1 


hence 2g is indeed the best possible constant. 
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REMARKS ON PERIODIC SEQUENCES AND THE RIEMANN 
TETA-FUNCTION.* 


By ©. R. PUTNAM. 


1. This paper is essentially a continuation of [1]. The following 
theorem concerning the imaginary part of the Riemann Zeta-Function £(2), 
z = g + it, in the half-plane e > 0, will be proved: 


(*) Let d0 denote a fixed real number and, for a fixed a > 0, let 
t, to, ts,: © © denote any sequence of t-values for which 

(1) &(S(o + tt,)) — A (t(s + ind)) = 0(1), as n> 0. 
Then 

(2) limsup | A(£(o + ttn))| > 0, as noo, 


‘Furthermore, by an application of the van der Corput method for esti- 
mating certain summations, it will be shown that 


(**) If ln = nd + ôn then relation (1) (hence, by (*), also (2)) 
holds, for $0 < 1, if 


(8) 8n = o(n™ -3 log? n), as n—0co, 
where M = 2", o = 1 —m/(M — 2), m Z3; and, for o = 1, if 

(4) 6, == o(log log n/log? n), as n-—>00. 

The gist of (*) is that the imaginary part of £(o -+ tt) on any fixed 
line o = const. > 0 fails to tend to the limit zero as t= tp—>œ (or —), 
whenever the sequence t, ta, la,‘ © * approximates “ closely enough ” a periodic 
sequence d,2d,3d,---. As a consequence of (*), one obtains the result 
that the sequence of the consecutive zeros of ¿(4 + if) does not contain any 
periodic subsequence d, 2d, 3d,- - - (cf. [1]), nor even, according to (3) for 


M = 8, contain any approximately periodic sequence of the type d + ô, 
2d + Go, Bd + 83,- * +, where 8, = o (n log? n), as n—00. 


Theorem (**) is a supplement to (*) when ø is restricted to 4 £ oS. 


* Received December 3, 1953; revised January 28, 1954. 
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Moreover, estimates other than those of (3) and (4) could be obtained by 
other means, for instance, by the Weyl-Herdy-Littlewood method; cf. [2], 
pp. 84 ff. 


2. Proof of (*). The proof of (*) will follow as a consequence of the 
results of [1]. Thus, in order to prove (*), it is sufficient to show that if 
(2) does not hold for some d > 0, then 

(5) f “g(2) cos (dna) dz = o0(n"), as n — œ 

0 
(which leads to a contradiction), where g(x) = (e*7—n)e* for logn = 2x 
< log (n +1) and n—1,2,: --, and 

(6) Ele) —2(2—1) 2 — 5 f'atæ)e-tiedx, a0. 

0 


(It should be noted that there is no loss of generality in supposing d > 0. 
Moreover, although [1] dealt with the case o = 4, it is clear that any e > 0 
could be allowed.) 


According to (6), for z = o + 16, 


f “9(2) cos (tx) dt == (e —1)/((@—1)? + #) — R (272(z)). 
0 
A simple calculation shows that 
R (a *E(2)) = (of (£) + td(£))/(o? + t). 

Since €(o + tt) = O (Ë) as t— œ, for any fixed o > 0 (cf., e. g., [2], p. 82), 
it is clear that š 

(7). f g(x) cos (te) de = 0 (t) + £10(4(2)). 

«7 0 

Hence, if (2) fails to hold, so that 

(8) À (Elo + ttn) ) = 0(1), as n —> %0, 
then (1) and (7) imply (5). This completes the proof of (*). 

3. Proof of (**). It is supposed that 4 =o < 1, and it will be shown 
that (3) implies (1). Since £(o + it) can be expressed as 

Elo + tt) = Don Gti + 0(1), as t—> œ 


mast 


(cf., e.g., [2], p. 67), an application of the mean value theorem of differ- 
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ential calculus shows that, for | 8 | < const. and #—c, there exist values 7’, 
lying between ¢ and ¢ 4 à, such ‘that 


(9) A(L(o + ilt + 8])) — À (Ele + it)) 
——$5ÿn"logncos (Tlogn) + 0(1). 


nest 


The summation occurring on the right side of (9) is the imaginary part of 
(10) Snn logn, 
nt 


and so it will be sufficient to estimate the latter. Since the terms n7 log n 
constitute a monotone decreasing sequence (for n sufficiently large), the 
summation (10) is amenable to the van der Corput estimation procedure, 
just as is the summation $, n+, It is easily seen that this process yields 


ust 


for (10), when 7 is large, an estimate which is O(log?) times the estimate 
for £(o -+ tt) ; and hence, in the notations following (3), the summation (10) 
is equal to O(E/M-2) log? t). In this connection, see [2], pp. 94 ff. Relations 
(3) and (9) now imply (1). 

In case & == 1, methods similar to those described above (cf. [2], p. 97) 
show that (10) is equal to O(log? t/log log t) and (1) readily follows from 
(4) and (9). This completes the proof of (**). 
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ON THE ESSENTIAL SPECTRA OF ORDINARY DIFFERENTIAL 
OPERATORS.* 


By PHILIP HARTMAN. 


In the differential equation 


(1) y” + (A+ q)y¥=9, 


let À be a real parameter and g == q(t) a real-valued continuous function on 
0<¢t<o, When (1) is of the limit-point type (in the sense of Weyl [10]), 
let § denote its essential spectrum, that is, the set of cluster points À of the 
spectrum of the self-adjoint operator associated with (1) and a homogeneous 
boundary condition at t= 0. ‘The À-set S’ is independent of the particular 
boundary condition determining it ([10], pp. 251-252). This note is con- 
cerned with the essential spectrum of (1) when q satisfies either the condition 
that 


(2) g(t) tends monotonously to c as t=, 
or the condition that, for some constant C, 


(3) g(t) SC for OSt<o. 


1. If (2) holds, then (1) can be either of the limit-point or of the 
limit-circle type. Under the assumption (2), a sufficient ([6], p. 297), but 
not necessary ([6], pp. 306-308), condition that (1) be of the limit-point 
type 1s | 


(4) fat p(t) =o. 
In [7], p. 646, there was raised the question whether or not (2) implies that 


| (5) | S” is the entire A-axis 


whenever (1) is of the limit-point type. It was shown ([4], pp. 123-125) 
that the answer is in the negative and, in fact, that 8’ can be empty; but 
it was pointed out that there remained the question as to whether or not (2) 
and (4) imply (5), as is the case when q is of “ regular growth” (for example, 
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when q is a logarithmico-exponential function ; cf. [9], p. 106). The following 
theorem can be considered a païtial answer to this question. 


(*) Let q(t), where 0OSt<o, be a positive, continuous (non- 
decreasing) function satisfying (2). If, in addition, q(t) satisfies either the 
condition 


(6) q(t) —=o(t) as t oo 
or the condition 
(7) fa =% for some p >I, 


then (1) is of the limit-point type and (5) holds. 


This theorem is known for the case when p > 1 in (7) is replaced by 
p= 2; [6], p. 303. It will be clear from the proof of (*) that (7) can be 
weakened to any of the following conditions, with » > 1, 


(7 bis) f dt/q (log q)! =o, f at/dé(log q) (loglog q)” —00, + : - 


On the other hand, if “some » > 1” is replaced by “every x < 1” in (7) 
or (7 bis), then the assertion (5) need not hold. This is seen by a suitable 
modification of the example in [4], pp. 123-125 (thus, if v, = n? is replaced 
by vn = n log? n in that example, then the resulting differential equation (1) 
remains of the limit-point type and the corresponding 8’ is empty; but 
q(t) = O(# log‘ t), so that the integral in (7) is divergent for every u < 1). 

This theorem does not settle the question whether or not (2) and (4) 
imply (5). It also leaves undecided the related question whether or not e 
and the assumption that 9’ is not empty imply (5). 

It will be clear from the proof of (*) that if the condition (6) is 
weakened to 


(6 bis) q(t) S CE for large t (C == Constant), 


then the assertion (5) of (*) is weakened to the statement that there exists 
a positive constant c (depending only on C and not on g) with the property 
that every A-interval [A, À + c] contains at least one point of S’. l 


2. In contrast to (2), the condition (8) implies that (1) is of the 
limit-point ([10], p. 238) and that S’ is bounded from below ([10], pp. 252- 
253). Under the condition (3), S’ can be empty (this is the case, for 
example, if g(t) ~—o, as to; [10], p. 252). The following theorem 
concerning ©’, for the case that S” is not empty, was proved in [8]: 
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(**) Let the continuous function q = q(t), where 0S t <œ, satisfy 
(3) and let S’ contain the point A=0. „Then there exists a constant c 
(depending only on C and not on q) with the property that for all sufficiently 
large À > 0, the interval [M À + cAË] contains at least one point of the 
essential spectrum S. 


It will be shown below that this result is the “best possible” in the 
following sense: The length ca? of the interval [A, À + c\#] cannot be replaced 
by a length which (can depend on q but) is 0(A#), as A>. This will he 
proved by showing that 


(***) There exist continuous functions q(t) satisfying (3) for which 
the essential spectrum S’ of (1) consists of the poinis X= n°, where 
n= 1,2," °°. 


In this case, there exist arbitrarily large values of À for which the 
intervals [A, À + 2A2] contain no points of S. 

For the sake of completeness, a simple proof of (**) will also be given 
below. 


8. Proof of (*) when (6) is assumed. That (1) is of the limit-point 
type when (6), hence (4) holds, follows from [6], p. 297. Let N(7,U3A) 
denote the number of zeros on (OS) T< ¢SU of a (non-trivial) solution 
y=y(t,A) of (1). The assertion (5) is equivalent to the statement that 


(8) N(T,U;A +e) —N(T,U;A) =% as U >o 


for every e > 0. For, in view of the theorem in [1], the assumption (8) is 
sufficient in ordez that the closed interval [A, À + e], and is necessary in order 
that the open interval (À, À + €), contains a point of g. | 

If A+ q(t) > 0 for t=T, then a lemma of Wintner and the author 
states that, for U >T, | 


(9) | eV (T va [a+ )idt | = +4 [alo (A+ 9)]; 
»U; j q =r T À a g(A + q)]; 
[3], p. 658. Hence for fixed T, the difference in (8) exceeds 
U 
[CA +e+ 9 (rat gaat 
— F{log(A + q(U)) + log(A +e+ q(U))} + const. 


U 
This is minorized by ke f (A + «+ g)4dt— 4 log(A + e + q(U)) + const. 
T . 


The assumption (6) means that if M is an arbitrary positive constant, then 
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the last expression is, in turn, minorized by M log U — log U + Const., if U 
is sufficiently large. This shows that (8) holds for every e > 0 and proves 
(*), when (6) is assumed. 

4, Proof of (*) when (7) is assumed. Without loss of generality, it 
can be supposed that g(0) == 1 (> 0). It will be shown that the assumption 
(7) implies that if U = U (T) is the largest t-value satisfying q(t) = 2q (T), 
so that q(U) —2q(T), then 


U 
(10) lim sup f dt/ (T) =o. 
T © T 


U 
For if (10) does not hold, then f dt/q4(t) = const. Hence, for the sequence 
T 


of t-values (0=) To< 7 LT: <°-:, where Tan = U (Ta), so that 
q(T) = 2", one has 


oO kee] V | 
dt /q! < X, gu-n J dt/qi <w, where u == Ty, 0 = Tras. 
0 u 


n=0 
Since this contradicts (7), the relation (10) is proved. 
If U is chosen so that q(U) = 2q (T), then the monotony of q shows 
that (9) becomes 


ce 
[aN (T, 0732) — j, (A + g)idt | = const. 


U 
for large T. Hence the difference in (8) exceeds łe f dt/g@ — Const. for 
T 


large T and U—U(T). In view of (10), the limit relation (8) holds if 
U =U(T) and T tends to œ through some sequence of t-values. Hence, 
the Sturm separation theorem shows that (8) holds (if T is fixed and U tends 
continuously to œ). This proves (*) under the assumption (7). 


5. Proof of (**). The assertion of (**) will be proved if it is verified 
that there exists a constant c (depending only on C) such that (8) holds 
for e = cA, whenever À is sufficiently large. 

In view of the characterization [5] of the least point of 9’, the assump- 
tion that À == 0 is in S’ means that (1) is oscillatory if À > 0. Let const. > 0 
and let g + const. and C -+ const. be denoted by q and C, respectively. Then 
(3) holds and (1) is oscillatory for À > — const.; in particular, for A = 0. 
(Incidentally, this implies C > 0.) 

Let y = yo(t) £0 be a solution of (1) when A= 0 and let to, fi,° °° 
be the sequence of successive zeros of y(t). On an interval tp < t < tes, 
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T 


the ratio a= 2(t,r) =y(t,r)/yo(t) satisfies the differential equation 
(Yt Y + Ayo’u = 0 and has the same zeros as y(t,A). If a change of 
independent variables t — s, defined by ds = dt/y0?, is made, then the differ- 
ential equation for æ becomes d?x/ds? + Ayotx == 0. Accordingly, the lemma 
of [3], mentioned in connection with (9), implies that if A>0 and if 
u=t= is a subinterval of ty < t< te, then 


8(v) v 
[aN (u,032)— | yds | Sat 4 f | dog (at): 


This can be written as | mV(u, vw; À) — (v—u)X | = 7 + IN Yo /Yo | at, 
u 

since ds == dt/y,”. Consequently, 

a(N(u,v;A+ e) —N(u,v;d)) = (w— u) ((A+ €)i— 1) 


—a—2 f | yol/yo | dt. 


It will be shown that the numbers u = Uz, U == Vy can be chosen so that 
u <t<v is a subinterval of ty < t < ty, and satisfies | 


(11) p—u>4iC4 and IAPZALEZ 
ue 


(the point in these inequalities is that the minorant 40- and the majorant + 
are independent of k). j 
Let (11) be granted for a moment. Then the last two formula lines 
give 
n(N(u, 03A e) —N (u, 05A)) = 4C4((A+ 6) — 4) — 27 — 2r; 


so that . 
(12) N (u,v; à +e) — Nu v;À) = 2, a 


provided that (A -+ e)? — X Z 12x03. Clearly, there exists a number 
c= c(C) œ 0 such that this proviso holds if À is sufficiently large and 
eZ cìł; in which case (12) holds. Since there is at least one zero of 
y(t,’ + e€) between every pair of zeros of y(t, À), it follows from (12) that. 
N(0,U;r’-+-«) —N(OU;A) Z k if U = v; and so (8) holds (with T = 0). 
Consequently (**) will be proved if the estimates (11) are established for 
suitably chosen w, v satisfying ty <u <v < tri 
In the proof of (11), it can be supposed that 


(13) yo(t) > 0 and max yo(t) — 1 for ty < E< tris 
in fact, .(11) and the differential equation (y.?2’)’ + Ay02x = 0 for s show 
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that, on t < t <tr, the function y(t) can be replaced by const. y(t), 
where const. can depend on k. By virtue of the lemma of [2], p. 650, it 
follows from (3), (13), and Yo(tx) = Yo (tr) = 0 that 


(14) | yo’ (€)| SS 202 for te < t< tr 


Choose u = uz, and v = vy in such a way that 


(15) Sylt) SlforwStsSv 
and 
(16) Yo(u) = Yo(v) =z and yo(w) =1 i 


Paa 
L 


for some w satisfying u < w < v. 


From (14) and (16), =| yo(w) —yo(u)| Sf yo’ (t)| dt, hence 


4 < 2C3(w—u). Similarly, 4$=2C8(v—w), and so, by addition, 
1 = 2C#(v—u). This is the first inequality in (11). Let [u,v] be replaced 
by a subinterval (to be denoted again by [u,v]) such that v — u = 10, 
so that (15) holds (but (16) need not). By (14) and (15), 


f | yo'/Yo | dt = 403 (v — u) =2. 


Hence, the second inequality in (11) holds. This proves (**). 


6. Proof of (***). There will be constructed a step-function q(t) 
which has discontinuities at t= 7, 2r,- : -, which satisfies (3) and for 
which the essential spectrum of (1) is the sequence of points À = 1, 22, 3%,---. 
The passage from such a g to a continuous g with the same properties causes 
no difficulty; see [4], Section 11, for the treatment of a similar problem. 

By a solution of (1), when g is a step-function, is meant a function 
y = y(t) possessing, for 0=¢t<o, a continuous first derivative and, at 
every continuity point of g, a continuous second derivative satisfying (1). 

For k — 0,1, : eas DU 


q(t) =0 for Ber St < (Rk + 1)r, 


(17) 

q(t) =— k for (2k + 1)r Lt < (2k + 2)r. 
Then 
(18) q(t) S0; 


so that (1) is non-oscillatory for À = 0 (and, correspondingly, no negative 
value of A is in 8”). 
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Let À > 0 be fixed and K = K (A) so large that K—-A>0. Then, for 
t = 2K, a solution y = y(t, à) is of the form 
y = ap cos M(t — kr) + Br sin X(t — 2x), 
(19) y = ax exp{(k—r)Kt— (2k + 1)r)} 
+ br exp{— ((k — CE — (2k + 1)z))}, 
on Zer St < (2k + 1}, (2h + 1yr St < (2k + 2)r, respectively. The solu- 
tion is determined fort = (2K + 1)r, for example, by assigning the constants 
Qx, bg and determining en, Brit, Ges, Os, Griz," * * TeCursively so as to 
saitsfy y(t — 0} ==y(t +0) and y (t— 0) =y (t +0) at t= (2K + 1r, 
2K + Bjr, + -.: 
At (2k + 1)r, there result the conditions 
(204) ax + br = &p cos + Brsin, ar — bz = (k — X)AË(—-0y sin + By cos), 
where sin = sin Abr and cos = cos Afr ; and, at t = (2h -+ 2), the conditions 
(Blr) Geer == Gy Oxp® + by exp, Br = (k — d)8(a, exp* — by exp), 


.where exp* = exp((k—A)4r)} and exp*==1/exp*. The equations (20;) 
give, as k > 00, . 


(22) ar = $ar (cos + 0(1)) + 4er (sin + o(1)). 

On substituting the formulae (21,) for a, Bx into (22), one has. 

(23) ar = fara (1 + 0(1)) (A (k — 1 — À )ésin expt) + o(| bral), 

if 

(24) sin = sin àr s4 0. 

From (21x) and the second equation in (20%), j 
ty, — by, = ara (1 + o (1) )cos expt + o(] byi 1), 


or, in view of (23), 


(25) br = an(1 + 0(1)) +0(| bea |). 
In (23) and (25), the o(1)-factors depend only on k and à, and not on 
the numbers ax, br, @n3,° °°. Thus, if K —K(A) is sufficiently large and 


the numbers ax and bx, where 0 < bg SS 2ax, determine the solution y = y(t), 
then it follows from (23) and (25), since (4 — À)? exp ->œ as ko, that 
|b, | S2| a, | and that a, 0 fork=-K,K41,:--. Consequently, (23) 
and (25) give 


(26) dy — by, and ar ~ agi 3 (4 — 1 — A)! sin expt., 
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For large k, the two numbers a, and bp are of the same sign; so that 
by the second formula in (19), y= y(t) does not vanish on (2k + 1)r St 
< (2k +2). Furthermore, the first formula in (19) shows that the number 
of zeros on (2h + 2) <t < (2h + 3)ais eithers[A4] or [AË] + 1, where [A3] 
is the greatest integer not exceeding à. According to (26), y((2k + 1)x) 
— x + by and y( {2k + 3)7) = Axis + brn are of the same or of opposite 
sign according as sin Ar > 0 or sin Aër < 0. Thus the number of zeros on 
(Qh + Ije Sts (2k + 3), that is, on (2h + 2)r <t < (2k 4-3)z, is of 
the same parity as [AË] and is, therefore, equal to [A3]. Hence N(0,U;A) 
= U2] /24 + O(1), as V0. 

Thus, if neither À +e nor À is the square of an integer, then (8) 
holds (with T—0) if and only if there is an integer n > 0 satisfying 
A< nm? <A-+-e«. In view of the characterization [1] of the points of S’, 
the assertion (***) follows. 
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A MAXIMUM PROBLEM IN HARMONIC ANALYSIS.* 


By Epwix Hewrrr and ISIDORE HIRSCHMAN, JR.? 


1. Introduction. 1.1 Mise en scène. The classical theories of Fourier 
series [18] and integrals [15] have undergone a far-reaching and conceivably 
definitive generalization in the theory of harmonic analysis on locally compact 
Abelian groups. The first step in this generalization was the enunciation in 
1934 of Pontryagin’s duality theorem for compact Abelian groups ([10] and 
[17], pp. 99-109) ; thereafter followed rapidly the general duality theorem, 
Weil’s generalization of the Plancherel theorem and of the Young-Hausdorff 
theorem, and so on ([17], pp. 111-113). A number of the more refined results 
of harmonic analysis on the circle and the line have nevertheless escaped 
attention until quite recently (see, however, [4], [5], [6], [7], and [12]). 

The present paper is devoted to the extension to general locally compact 
Abelian groups of a classical theorem of Hardy and Littlewood dealing with 
Fourier series. Let p be a number such that 1 < p < 2, and let f be a function 
in &, on the circle group (equivalently, let f be a measurable function on the 


line of period 2r such that IN f(x) l?dx <œ. Writing ĉa for the Fourier 


‘ T 
coefficient > f f(æ)e iradz, n= 0, + 1, +2, --, one has the Hausdorff 
-7 


inequality 
L11 [È lo SCE J71) baal, | 
n=- 00 t -T 


where p + p1 1. (See for example [18], p. 190.) In 1926, Hardy and 
Littlewood [2] published a memoir in which the possibilities for equality in 
1. 1. 1 are determined. They show (loc. cit. Theorem 1, p. 167) that equality 
occurs in 1. 1. 1 if and only if f(x) is equal to œei** for some complex number 
a and some integer n. Thus, the functions in &,(— m,r) which obviously 
_ produce equality in 1.1.1 are the only functions which can do so. 

The analogue of 1.1.1 for functions in 2,(—, œ) is naturally a bit 
more subtle, since the integral 
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1.1.2 (2x) À f f(x) etude 


is undefined for functions not in @,(—c, œ). The analogue of Plancherel’s 
theorem, nevertheless, works perfectly for all fe Q,(—, o)(1< p< 2). 
For every such f, there exists a function f* in &y(—œ, œ) such that 


co B 
1. 1. 3 lim { | f*(y) — (2r)? J f(a) etude |*"dy = 0 
Å>- -%9 A . 


B-> © 


and such that 


LLA [m | | PCy) May)’ S A S fe) pae]. 


This theorem is due to E. C. Titchmarsh ([14]; see also [15], pp. 96-105). 
A proof much simpler than those offered by Titchmarsh can be obtained from 
M. Riesz’s convexity theorem (see [13], § 26, p. 484, or [18], p. 316, Theorem 
12. 41). > | 

Diligent search and inquiry by the writers have disclosed no treatment 
of the case of equality in 1.1.4. It is to be conjectured, of course, that 
equality can occur in 1.1.4 only if f —0, and we shall, in fact, show that 
this is so. We study here the analogue of the theorem of Hardy and Littlewood 
for functions which are defined on a locally compact Abelian group G and 
are in &,(G) for some p 1 < p< 2. We are able to identify all functions 
for which equality occurs in the analogue of 1. 1. 1 and 1.1.4. It isa pleasure 
to record our indebtedness to Professor H. S. Zuckerman for a number of 
valuable conversations on the subject matter of this paper; and in particular 
for collaboration in the construction presented in 6. 5. 





1.2 Notation. We use the following symbols throughout the present 
paper. À denotes the real number system, K the complex number system, 
T the multiplicative group of all complex numbers of absolute value 1, and 
N the set of all integers. For any set X and A C X, ġa is defined as the 
function with domain XY such that ¢4(z) — 1 or 0 as ze À or té À. 

For a topological space X, we denote by Ce (X) the set of all continuous 
complex functions f on X such that for every e > 0, there exists a compact 
subset F of X such that | f(x)| <e for all af F. The set of all bounded 
continuous complex functions on X will be denoted by €(X). 

For a measure-space X with a measure-function À defined on some o- 
algebra of subsets of X, we have the usual complex function-spaces Q, (X), 
here considered only for r = 1. For fe &,.(X), we write, as usual, 
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1.2.1 D f TE raae) "= If le- 
For a topological space X and fe €(X), we write sup | f(x)| as || f Ila 


We reserve the symbol p for numbers such that 1 <p<2. For every 
number r =< 1, the number 7’ is defined as r/(r — 1). 


1.3 Hausdorff’s inequality for groups. The symbol Œ will be used 
throughout the present paper to denote an arbitrary locally compact Abelian 
group. The character group of G will be denoted by the symbol G*, a 
character of G being taken here as a continuous homomorphism of G into 
or onto the group T. We write (z,y) for the value of the character y € G* 
at x e G, or, dually, the value of the character ce G at ye G*. The annihilator 
of a subset X of G is the set N(X) of all y e G* such that (x, y) — 1 for all 
zex. We select any Haar measure À on G, and choose Haar measure p 
on G* so that equality is obtained in the Plancherel theorem. For all group- 
theoretic terms not explained here, the reader is referred to the monographs 
of A. Weil [17] or of L. H. Loomis [9]. For fe 2,(G), we write the Fourier 
transform 


1.3.1 | f (a, v2)f(x)d\ (x) 


as f*(y). For functions h in @&(G*), the Fourier transform h* (x) of h is a 
function on G given by the formula 


1.8.2 J Mey)au(y). 


Let p be a number such that 1<p<2 For fe&,(G), the Fourier 
transform f* of f is defined as follows. Let 3 be the family of simple 
measurable complex functions on G, that is, the measurable functions g which 
are in & (G) and take on only a finite number of different values. It is 
clear that 3 C & (G) N (G). For geX, we have | g* |S Ig | and 
| g” lle == || g lle by the Weil-Plancherel theorem. It is clear too that g e & (G). 
By applying M. Riesz’s convexity theorem (see for example [18], p. 192 et seq.), 
one can prove without difficulty that g* s Qy (G*) and that || g* lp = || g ll». 
Since X is a dense subspace of Q@,(G), it is clear that the mapping g — g* 
can be extended in exactly one way over &,(G) so as to be continuous and 
linear. Thus we can ascribe to every fe & (G) a Fourier transform f* which 
is a function in &,(G*). It is clear that 


1.3.3 IF lo SUF lo 
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for all fe & (G), since 1. 3. 3 holds for all f in the dense subspace 3 of 2,(G). 
We call 1.3.3 Hausdorff’s inequality, since the proof of 1.1.1 for general p 
is due to Hausdorff. We note in passing that the image of & (G) in &p(G*) 
is a proper subspace of Qy (G*) for all infinite groups G (see [5]). 


2. Statement of results. 2.1 Definition. A function f in &,(G) for 
which equality holds in 1.3.3 is said to be a maximal function in &p A 
function f in 2,(G) such that | f |, = || f* |, is said to be maximal in &, (G). 


2.2 Definition. Let A be a compact and open subgroup of G. A func- 
tion f defined on G such that 


8.2.1 f(z) = a(z, y)pa (2), 


where ye G* and ae K, is said to be a subcharacter of the group G. 

In our search for maximal functions in &y (G), we shall first show that 
every subcharacter and every translate of a subcharacter are maximal functions 
in & (G). We make the following introductory remarks. 


2.3 THEOREM. Let f be a function on G which is either a subcharacter 
or the. translate of a subcharacter. Then there exist ae K, z e G, and y, € G* 
such that , 


2.3. 1 f(a) = a (x, Yo) ao (2) 
where A is a compact open subgroup of G. 


This assertion is obvious. 


2.4 THEOREM. Let f have the form 2.3.1. Then f* has the same 
form on G*, and in fact 
2.4.1 f= (y) =A (A) a (Eo Yo) (20%, Y) Duo (ay (Y) 
N(A) T a compact open subgroup of G*. 

We prove first that N (4A) is a compact open subgroup of G*. It is 


trivial that N(A) is a subgroup of G*. Since A is compact and open, 
we have | 


2.4.2 0<A(A) <o. 


The Fourier transform of ¢4 is given by the equalities 


243 g0) = f (97) b4(2)dA(@) — J raa) 


If ye N(A), it is clear that paž (y) =A(A) > 0. If yf N(A), let ae A 
be an element for which (a, y) 341. Then we have 
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nat p(y) =f (ar 4) balaz) ar(c) 


—(ay2) f (ey beu(e)ar(e) = (Gy) pa" (9). 


The first and last terms of 2.4.4 can be equal only if ¢u*(y) — 0, and 
therefore we find 


À. 4.5 ha =A(A) ody (a). 


Now ¢4* is continuous, and hence N(A) is open and closed. Furthermore, 
ġa” is in ©(G*), and this implies that N(A) is compact. Returning to our 
original f, we can now easily compute f*. In fact: 


2.4.6 f(y) =a f (my) (8 Yo) bma(2)AX(2) 
— 2 f (x,y) (a yo) pa (as) dala) 
=a f(x, 171) (ur, ÿo)ga(æ) AACE) 


— a (2o Yo) (ae 9) J (a, yoy) da (2) (a). 


By 2.4.5, the integral appearing in the preceding line is equal to 
A(A) bya) (Yoy) = A(A) byway) (y), and this completes the proof. 


2.5 THEOREM. Every subcharacter and every translate of a sub- 
character of G are elements of 2,(G) for all p, 1 < p < 2, and are maximal 
functions in every Q, (G). 


Let f be a function of the form 2.3.1. We lose no generality by taking 
g = 1 in 2.3.1. Then we have 


2.5.1 flo = Lf 1aa(a) r= a(Ay 
a7 oA 

and 

2. 5.2 |f l- D(A) 


For every r = 1, we have 


25.3 [FADES 1a) A =A N A 


By the Weil-Plancherel theorem and our choice of the Haar measure u on G*, 
we have 


2.5.4 [A(A) = 1 f 1e = VF le =M) (A) J, 
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upon equating 2.5.2 and 2.5.3 with r—2. 2.5.4 implies that 
2, 5. 5 a(N(4)) = P(A)? 


Hence || f* lp =A (4) [A (4) 737 = [A (4) P2 = | F lle 

Theorem 2.5 indicates that subcharacters of G and their translates play 
the same role for general locally compact Abelian groups that characters of 
T do for the theorem of Hardy and Littlewood. That is, they are functions 
in &,(G) which are obviously maximal. As in the case of the theorem of 
Hardy and Littlewood, we now prove that subcharacters and their translates 
are the only maximal functions. Our results are comprised in the following 
theorem. 


2.6 THEOREM. Let G be any locally compact Abelian group and let p 
be a number such that 1< p < 2. Then tf f is a maximal function in & (G), 
f is either a subcharacter or a translate of a subcharacter. 


2.1 Remark. Theorem 2. 6 may be regarded as a direct generalization 
of the theorem of Hardy and Littlewood, since the group 7 obviously has no 
compact open subgroups other than itself. Since Æ has no compact open 
subgroups at all, Theorem 2.6 implies that no function +0 in & (E) can 
be maximal. 


2.8 Method of proof. The fundamental inequality 1.3.3 is proved by 
using the Riesz convexity theorem. Our analysis of the case of equality, 
which occupies us here, depends upon obtaining conditions for equality in 
Riesz’s theorem, and exploiting the consequences of these conditions. In this 
process, the conditions for equality in Hélder’s inequality play an important 
role. 


3. Equality in Hélder’s inequality. Throughout this Section, G is an 
arbitrary locally compact Abelian group. The following theorem, while a 
consequence of well-known facts, does not seem to appear in the literature: 
We take 1’ =œ and &%(G@) as usual the space of essentially bounded measur- 
able functions on G with || g ||. = ess sup | g |. 


38.1 THEOREM. Let lSr<o. Let fet,(G) and geX (G4) and 
suppose that f is different from 0 on a set of positive measure. The relation 


3.1.1 LIGA) = Nf be Na de #0 
holds if and only if 
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8.1.2 g(x) = | g lei fle |f (z) sgn f(x) ae. on G(1<r <o); 
3.1.3 g(x) = | g lo sgn f(x) a.e. on the set where f 0 (r—1). 


(For ze K, sgn z is defined as z/| z | if z0, and as 0 if z= 0.) For f(z) 
and g(x) real and for 1 < r <œ, this result is demonstrated in [3, p. 140]. 
Only very minor changes are needed to extend the proof given there so that 
it applies to complex functions and to the case r = 1. 


4. Some preliminary results. Let G be, as usual, a locally compact 
Abelian group. It follows immediately from Theorem 3.1 that a function - 
fe(G) is maximal if and only if f(z) —c(y,z)p(x) a.e. in G, where c 
is a complex constant, y is an element of G*, and p is a non-negative function 
in %,(G). Further information concerning this case is contained in the. 
following assertion. 


4.1 THEOREM. Let f be a maximal function in 2,(G). Let E* be the 
set of points y jor which | f*(y)| = || f lı Then E* = yHo*, where Bo” 
is a compact subgroup of G* and yoe G*. 


Let A be the set of points + for which f(x) ~0. Then y e E* if and 
only if sgn [ (y, x) f(x) ] is constant almost everywhere in A, as Theorem 3. 1 
shows. Let ye E*, so that sgn [(yo,æ)f(æ)] = co, |¢o|==1 ae in À. 
We set Eo == yo 1H*. Let yı, y2e E*; then sgn [ (x, yo) (x, y1) f(x) | = ca, 
| |= 1 a.e. in A, and sgn [(x, yo) (£, yo) f(t) ] = cz | co |—=1 ae. in A. 
A simple computation now shows that sgn [ (2, yo) (2, yiy2) f(x) ] = Co *C1c2 
a.e. in A, t. €., Yiÿ2e Eo”. Again, if yı e H,*, then sgn [ (x, yo) (x, yr) f(z) ] 
= C671 a.e. in A, te, yte FE”. Thus Æ,* is a subgroup of G*. If kis. 
any function in & (G), if a > 0, and if K* is the set of points y in G* for 
which |[k%*(y)]| = a, then K* is compact, since &* e ©,.(G*). In particular 
E*, and therefore Eo”, are compact. 

We shall also require the following result. 


4.2 THEOREM. Let f be a maximal function in &(G@). Then the 
function h = | f* |r'-2f* is maximal in Q,(G*), and its Fourier transform 
(1.3.2) in By (G) is equal to 


4.2.1 | Lf le | flee, 


this function being taken as 0 wherever f — 0. 


As f is maximal, we have by. definition | f |, = | f* |». The function 
h == | f* |?-?7* is in &,(G*), since |A |? = | f* |?’ De — | f* |P”. We have 





8 
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furthermore || A |, == | f? |p = | f lp = | f lp”. For each g e YG), 
consider the number 


| H (g) ee 
It is clear that H is a bounded linear functional on &, (G) and that 
4.2.2 |H|— sup |H(g)|< (sup I g* le} A lo = dh lo = I F ler”. 
lglp =i glle=1 


Taking g = | f |lp*f, we find 


428 |HI)= Son IF lott Ng) ans) =F h Far 


= | vo. 





Combining 4.2.2 and 4.2.3, we find that | H | = || f |p 0}. It follows 
from the representation theorem for linear functionals on &, (see for 
example [9], p. 41) that there is a function y in &,-(G@) such that 


H (g) = f Eea) for all g eQ(G); ie, 


4. 2.4 fg hy) du(y) = f 9(#)n(z) ace). 


We know too that | 9 I> = | E | = {F lp». 
To identify the function », put g =f in 4.2.4; this produces the 
inequalities ; 


f f (x)n(2) dA(z) =- ah daa) =| f* la? = | f po 
G i 


; = | Ff loll flo’? = | F loll 7 flo 


Comparing the initial and final terms in 4.2.5 and applying Theorem 3.1, 
we infer that 


4.2.6 qla) = |n lol f lot? | FE) |? 2A (2) = | F ll? | Fli) |? 27 (x) 


for almost all we G (the last function being taken as 0 wherever f(s) == 0). 
Finally, the relations 4.2.4 suffice to show that y is the Fourier transform 
of À (see [17], p. 118). This establishes the present theorem, as ||» lp and 
| À |» are evidently equal. 


5. Proof of Theorem 2.6. 5.1 If feL (G) or geX,(G*), we set 
T(w)f==|f lem? sonf and T(w)g = |g [Pe sgng. Note that if 
q(w) = 2/(u+1), where w—u+iwv, then | T(w)f lew = | f lp, 
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| 2(w)g Yat) = | g lp? Furthermore, g(0 + iv) = 2 and g(1 + iv) =1, 
—o<v <o, and T(—1+2/p)f—f, T(—1+2/p)g =g. 


Let I, > +, Iy be disjoint measurable sets in G, each of finite measure. 
Let 
exp(4, +iB,) celn; An, Bae RB; m=] 
F(t) = N 
0 oe a EA 
n=l 
Similarly, let J*,,- - -,J*;, be disjoint measurable sets in G*, each of finite 


measure, and let 


exp (Cm + iDm) yed*n; C my Dyek; (m = 1,: | *, M). 
Hy) = M 
0 ye U ds 


Mah 
s 


Function of the type of F and H are called simple functions. Consider 
¥(w) = f LL (w)F]*(y) Tw) F (y) Idal): 
By direct computation, we have 
N M ; 
(w) = ZX explA.p(w + 1)$ + iBr + Cup(w + 1)3— tiDn] 
n=1 m=1 


| f IRC y)du(y)dA(æ). 


It follows that Y(w) is an entire function. 
Let f be a maximal function in & (G). Let f* = | f* |?’-* sen f*. Choose 
a sequence of simple functions Fa (a = 1,2, --) on G such that 








B11 | T(w)Fa lun ST (w)F fau (0< Rew <1), , 
5.12 lim | T(w)Fa—T(w)f letn = 0, 


D 


uniformly for w in any compact subset of 0 S Rew S 1. Similarly choose 
sequence of simple functions Ha on G* (a == 1,2,- -) such that 


5.18 | P(w)Ha (au € | T(w)f# loco) (0 < Rew <1), 
5.1.4 lim | T (w) Ha — T (w)f* lat) = 0 


uniformly for w in any compact subset of 0 = Rew = 1. It is evident that 
this can be done. If 


yaw) = f [T (w)Fe]*(y) [2 (0) elu) Ida (y), 


then for each «, ¥.(w) is an entire function of w. Moreover, it follows from 
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5.1.2 and 5.1.4 that lim ¥,.(w) = y (w), as a—->0, uniformly for w in any 
compact subset of 0 = Rew <= 1; where 


5.1.5 Go) = J ITOO (EW) FF) da0). 
Thus we see that 
a. w({w) is analytic for 0 < Rew < 1 and is continuous for 0 = Rew = 1. 
| It follows from Hôlder’s inequality that 
| ¥a(w)| S AIT (w) Fa]* face) IT (0) He law. 
From 5.1.4 and Hausdorff’s inequality 1.8.8, we have 
| Pw) Ae laco S | P(w)f* lac = | FF h = | FE Up?’ — | F 11577200), 
From 5.1.2 and 1.3.3, we obtain 
HET) Fa] lawy S | T(w) Pe lou S || T(w)F laco = I F leo. 


Thus | va(w)|] S || f(x) [perm (a = 1,2, +; OS Rew 1). Let us 
suppose, for the sake of simplicity, that | f |p == 1. Then we have | ¥.(w)| =1 
(a==1,2,---3; 0S Rew=1), and thus 


b. | y¥(w)|S1 i 0 = Rew = 1. 
Finally, since f is maximal in & (G), 
ec ¥(—1+2/p) —=1 


The statements a., b. and c. together with the maximum modulus principle 
„imply that 
5.1.6 y(w) =1 0 = Rew = 1. 


If we estimate | #(w)] using Hélder’s inequality just as we previously esti- 
mated | ¥a(w)|, we find that this estimate is 1. Thus we may apply Theorem 
3. 1 to conclude that 


5.1.7 [T(w)f]* (y) =| T(w)f* (y) [> sgn [T (w) f* (y) ] (0 = Rew < 1) 


for a.a. yeG*. (The exceptional set can of course depend on w). For 
Stew == 1, we find that if H,,* is defined as the set of ye G* for which 
ET (w)f]* (y) | = 1, then 


5.1.8 T(w)f*(y) =0 (Rew — 1) 
for almost all y ¢ #,,* (again the exceptional set may depend on w). 


° 
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In Theorem 4.2, it was shown that ff is maximal in 2,(G*) and that 


J fF) (2) duly) = | F(E) |? sga F(2), 


From this it follows that f plays the same rôle with respect to f* that f* 
does with respect to f. Consequently, we may conclude that the . Fourier 
transform on G of T(w)f* is given by the expression 


5.1. 7’ LT (5) f(x) J- sgn [T (0) f(x) ] (0 < Rew < 1) 


almost everywhere. For Rew == 1, we find that if D, C G is defined as the 
set of points where the Fourier transform on @ of T'(w)f* has absolute 
value 1, then 

5. 1. 8’ | T(w)f(æ)| = 0 (Rew = 1) 
for almost all + # Dy. 


5.2 Taking w — 1 in 5.1.8 and 5.1.8’ and using Theorem 4.1, we see 
that f vanishes almost everywhere except on the compact set D, and f(x) 
vanishes almost everywhere except on the compact set #,*. We immediately 
infer from this that f and ff may be taken as continuous and that 5.1.7 and 
5.1.7 then obtain everywhere. Consequently, we may now permit w to 
approach 1 + iv in 5.1.7 and 5.1.17 to obtain the following equalities: 


5.21  [T(L+)fl"(y) = sgnlT(1— in) My) 1, ye, 
bed [T (1+ w)fF]* (£) = sgn[T(1—w)f(x)], ze G. 
Taking v = 0, we see that 

5.2.2. f#(g)—0 for yf Hy"; f#(y) 40 for yeE*, 
5. 2. 2’ f(x) —=0 for wg Dı; f(x) 0 for we D. 


Since the complement of W,* is exactly the set where ff vanishes, it is closed, 
and Æ,” is open. Thus #,* == y", where E,” is an open compact subgroup 
of G. Similarly, D, = %,D,, where Do is an open compact subgroup of G. 

It follows from 5. 2. 1 that for all v(—œ< v <œ), |[T(1 + w)f]*(y)! 
== 1, yeH,*. Taking an arbitrary y, e E”, we must have 


5.2.38 sgn[T (1 + iw)f(v) (x, y) | = du, te D, 


where d, is a constant of absolute value 1, independent of + Rewriting 
5.2.3, we have | f(x)|#/* sen[f (£) (x, yv*)] = da se D, Let v—0; we 
find that sgn f(x) — (x, 4,)do, ce D,. Consequently, if —ċ < v <œ, then 
| f(a) |1 == d,/do, ce D,. This is possible only if | f(æ)| is a constant, say 


850 EDWIN HEWITT AND ISIDORE HIRSCHMAN, JR. 


k, throughout D,. Thus we have proved that f has the form f(a) = kdg(a, y1) 
or f(x) — 0 according as æe D, or té ob, 1. e f is a subcharacter or a 
translate of a subcharacter. 

6. Examples. 6.1 If Gis any compact connected Abelian group, then 
the only maximal functions in &%,(G), for any p such thot 1 < p < 2, are 
multiples of characters. This proves the original theorem of Hardy and 
Littlewood (@=T). Theorem 2.6 shows this to be the case, since G can 
have no proper open and closed subgroups. 


6.2 If G is any connected, locally compact, and non-compact Abelian 
group (for example, À or R” (n—2,3,: ::)), then &,(G@) contains no 
maximal functions at all save 0, since G has no compact open subgroups. 


6.3 <A discrete Abelian group G always admits maximal functions: any 
function vanishing except at a single point in G is maximal in every Q,(G) 
(1<p< 2). Non-trivial maximal functions exist if and only if G has finite 
proper subgroups, and then they are completely identified by Theorem 2. 6. 


6.4 There exist, of course, non-trivial examples of locally compact 
Abelian groups‘having compact open subgroups. As Pontryagin has proved 
({11], p. 77, Theorem 17), if G is locally compact, Abelian, 0-dimensional, 
and has a countable open basis, then it has arbitrarily small (hence compact) 
open-and-closed subgroups. All such groups admit non-trivial maximal func- 
tions in. every &, (G), as Theorem 2.5 shows. 


6.5 An intriguing example of the situation described in 6. 4 is presented 
by the p-adic numbers Qp under addition. We represent Qp as the group of 
all formal power series 


cÔ 
a = 2 axp”, 
k=n 
where n is an arbitrary integer and a, can be any of the numbers 0,1,2,-.: +, 


p— 1. Addition of two p-adic numbers a and b is carried out by adding 
the terms a; and 6; and carrying remainders modulo p in the usual way. 
A generic neighborhood Tm of zero consists of all a such that a: —0 for 
k <m; here m is an arbitrary integer. Every Im is clearly a compact open 
subgroup of Qp. Haar measure on Qp is completely determined by specifying 
the measure À for all of the sets Tm. (It is easy to see that this fixes À for all 
compact subsets of Q, and thence, via the usual construction, for all Borel 
sets in Oy.) As Ty is the compact group of p-adic integers, we deem ‘it appro- 
priate to take A(T)) == 1. Then a simple calculation shows that A(T,) = p™ 
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for all integers m. The character group Q,” can be constructed as follows 
(see [8], pp. 564-565). A generic character of Q, is a function ya, such that 


6.5.1 Ynn(@) = Ynn 2 ayp*) = exp[2rip*h ( À axp*) | 


— exp[2rip-*h ( S mp") ]. 


Here n and À are integers such that pfh. It is not hard to see that a 
complete family of neighborhoods of the identity yoo in Q,* are the subgroups 
N (Em) (m==0, + 1, = 2,: + +); note that N (Tm) is the set of all ya, such 
that n < m, and that as m decreases, I'm increases and N (Tm) decreases. As 
shown in 2. 5.5, we have 4 (N(T,)) = p” for all integers m. 


6.6 Finally, we consider the group D which is the direct product of a 
countably infinite number of groups each consisting of exactly two elements. 
Each factor group may be taken as the numbers — 1, 1 under multiplication, 
and thus D is representable as the group of all sequences x == {%p}na® im 
which each +, is either — 1 or 1 and the group operation is co-ordinate-wise 
multiplication. The neighborhood Um(e) (m = 1,2,8,: + -) consists of all x 
such that a == 2 = t, ==: ` ‘== Tm = 1, and these neighborhoods are a com- 
plete family of neighborhoods of the identity. Each U,, is an open-and-closed 
subgroup of D. There are of course other such subgroups: they are all 
identified as the sets of xe D for which a certain specified finite set of co- 
ordinates are all equal to one. It is furthermore easy to see that a translate 
of an open-and-closed subgroup of D consists of all xe D for which 2; has 
prescribed values at a fixed, finite, number of co-ordinates. Finally, one verifies 
without difficulty that a maximal function in &,(D) is any linear combination 
of characters of D which has constant absolute value on one of these trans-" 
lates and is zero elsewhere. (Characters of D are just the functions 
X —> Titi © * Bims Where {lys Le, © ‘y im} is any finite set of positive integers.) 
It was a close study of certain maximal functions in &,(D) that led to the. 
formulation of Theorem 2. 6. 
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ALGEBRAS WITH TWO: GENERATORS.* 


‘By JoHN WERMER. 


Introduction. Let C denote the algebra of all continuous complex- ` 
valued functions defined on the unit circle |A|==1. With the norm 
IFI = ap | f(A)|, C is a Banach algebra. 

NEA 


For any ¢, y in C, let [¢,y] be the closed subalgebra of C generated by 
ġ, y and the constant 1. [¢,¥] then consists of those functions in C which 
can be uniformly approximated by polynomials in ¢ and y. 

In [1] the author determined the algebras [¢, y] with ¢ one-one on 
[A] = 1. In this paper we shall give explicitly all algebras [¢,~] where 
(A) == A? and ¢ and y together separate points on |A|—1. In §2 we 
discuss the general problem: when is [¢, y] equal to C? 


1. We assume à? and y separate points on | À | —1. We shall prove: 


THEOREM 1. Jf [A4] ÆC, then there exist n distinct points à’, Mè, 
-> Ain [A | < 1, where n is odd, and functions E, E, analytic in | À | < 1 


and continuous in | À | 1, such that WA) = H(A”) + { Il (2 — a?) }4B (02). 
Conversely, if y has this form, then [X°, y] ÆC. j= 


Definition. Let R be any Banach algebra, M a closed subalgebra. We 
say M is a maximal subalgebra of R if for any closed subalgebra M’ of R 
with MC. MW’ we either have M — M or M =R. 


THEOREM 2. Every subalgebra [d*, p], where p(A) = (I (A? — Aj?) B, 


the À are distinct points in | À] < 1 and n is odd, is a maximal subalgebra 
of G. 

We shall use the following notations: If A(à) is any function defined 
on | A | = 1, then o (à) = 4 (A (A) —h(—A)), RCA) =4 (h(a) + h(—A)). 
Clearly h = he + ho. | 

If S is any set on |à | = 1, —S = {à | — àA £ 8}. 

If » is any complex-valued measure on | À | = 1, then 
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po(8) =4(p(8)—p(—8)),  pe(S) = $(#(8) +e(—8)). 


Clearly po and pe again are measuves-on | |= 1, and u = pe + po. 

A denotes the class of functions f(A) in C with f(A) analytic in |à | < 1, 
continuous in |A| 1. 

§’ denotes the class of function (A) on |A|=1 such that there 


2 
exists H(A) analytic in |A| <1 with sup J |H (rei)| d8 <œ and 
ri 0 
h(eïf) — lim H (re?) ae If heg’, h(e#) 0 a.e. (See [8].) Also 
r->t 


dri 


Si h(A) | | dÀ | <% and H(z) =. p AT OTRA) AA 


Lemma 1. If [ag] 0, go(à)Æ0, |à|=1, then ge(à) = E(X), 
E in A. 


Proof of Lemma 1. Let o be a measure on | À | = 1 with J A N = 0, 
| A=1 
n= 0. Since a(S) =— oo(— £), IN "doo (à) = 0, and so Í Xdoe(À) 
ST A[=1 


= 0, nZ0. Since #(8) = o(— 8), J... Ado (à) =0. Thus 


Í oa ==(, n= 0. 
[Af=1 


By a known theorem, [2], this pe that o is absolutely continuous, 
doe( à) = h(A)dA, and h(A) e &. 

By hypothesis now [à7, g] 4C. A well-known property of the space C 
then yields a measure x with »s40 and 


(1) fi dam (a)du(a) = 0, n,m = 0. 
=1 

Setting m—0, we conclude from the preceding that due(A) = a(A) dx, 

a(A) in §. Then a(A) =—a(—A). 


But the measure dy(A) == g(A)du(Aa) also annihilates all A?", n = 0, 
as is given by (1) for m==1. Hence dr(A) = m(A)dà, m(A) in §’. 
Now dve(A) = go(A) dpo(A) + ge(A) due(A) = go(A) duo(A) + ge(A)a(A) da. 
Hence dyo(A) = {m(A) — ge(A)a(A)}(go(A) Jd = BA)GA. Now go(A) #0, 
all | à | = 1, by hypothesis. Hence b(A) is summable on |à|==1. Also 
b(A) =b(—A). Thus du(A) = (a(A) + b(A))dA =f(A) da, f summable, 
320. We can then rewrite (1): 


(1°) Í d2ngm (XF (A) dA = 0, n,m = 0. 
[A]=1 


ALGEBRAS WITH TWO GENERATORS. 855 


The above considerations, applied to the measures g™(A)f(A)dA, 
m = 0, 1,2, - -, yield at once: (g™(A)f(A) dA) e = ym(A) dA, ym in $’. Hence 


(2) (g"( F(A) Jo = ym (A) ae. on |A| = 1. 


An elementary computation then gives for n odd and setting A(A) = y1” — yoyz 


= go f(A)f(— A): 7 
(n-1)/2 | 
ang eA = > Ce (Qyns—v¥ vs —— Yn—vy p+2 —— Yns2-vyv) = An 
y=0 


a.e. on |A|—=1. Thus ge(A) =.$A,/A(A) = (A) a.e. on |A| —1. Here 
© is meromorphic in |A| <1. It must be shown, of course, that A0, 
and we shall do this below. Now 2"6*A(A) =A,(A) a.e. on |X|—1. On 
both sides of the equation are functions analytic in [A | <1 and with non- 
tangential boundary values existing a.e. on |A|—1. By a theorem of 
Privaloff, [3], we hence get 2"@"(A)A(A) =A, (A), |A| < 1. Since A is a 
fixed function and n arbitrary, © can have no poles. Further, 


OIL J aama] GED ( QT | aa 


Since y;(A) = (g!f)o(A), we get | yi(z)| SK(1—| |) A g|? where X is 
a constant. Hence 


EZOO | An(e)| SS Oo" 42 — | |) 1 9 I 
SK — |2) 21 gl" 


Taking n-th roots and letting no, we have |@(2)| 5 | g |, provided 

A(z) £0. But the zeros of A are isolated in | z | < 1 and so & is bounded 

in |z| <1. Since ge(à) = lim (rà) for a.a. À, | à |= 1, and since ge is 
T1 


continuous, we conclude that ®(A) is continuous in |A| S1. Thus 
ge(A) = H(A), E analytic in |A| < 1, continuous in |A| Sl, ie. # is 
in N. 

It remains to show that As£0. Suppose the contrary. Since A(A) 
= go (A) f(A) f(—A) and go? ~ 0, we get f(A) f(—A) — 0 a.e. on |à | —1. 
Let D == {à | f is defined at A and — A, fo(A) KO and f(A)f(— À) — 0}. 
Now fo 50, for else f(A) =f(— À) and so f?(A) =0a.e. Since fis defined 
a.e, F(A)f(—2) = 0 a.e. and foe Q by (2), with m = 0, and so f,(A) 40 
a.e., D has measure ?r. 

Let S = {Ain D | f(A) #0}. Then SU — S = D and Sn — S is empty, 
as is easily verified. Hence the Lebesgue measure of 8, m(S), = m(— 8S) =r. 

By (2), (g@f)o(A) =ym(A) a.e. on |A| —1, ym in S. For À in £, 
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(gf) (A) = 4g™(A) F(A) = g™(A)fo(d). Hence g™(A) —=ym(A)/fo(A) ae. 
on 8. Set G(A) =y1(A)/fo(A)-, Then G is meromorphic in |A| <1 and 
G(A) = g(À) on a subset 8, of S with m(S,) —m(S) and G(A) = g(—A) 
on Sa, Sa C —8,m(S2) = m(— 8). Then f(x) G"(ÀA) = ym(A) a.e. on 8. 
Since m(S) > 0, it follows that this relation is true for | A | <1 and a.e. 
on |A|==1. Hence G has no poles in |A| <1, and also 


ERE Saat — z) fo (A) Gm (A) da. 


Now G(A) = g(A) a.e. on S, G(A) = g(—A) a. e. on — §, and m (8 U — 8) 
= 3m. Hence | G(A)| < | g {| a.e. on |à] =1. Thus 


hl) || @™(2)| S E0 — lg bs 


whence | Œ(z)| S | g || if fo(z) 40. Thus G is bounded in | z| < 1. 

Choose now ào in S,;* N 82*, (the asterisk meaning closure). There exists 
such a À, since §,* and S,* are closed sets on the circle, each of measure r. 

Set g(Ao) = a, g (— Av) = 8. We shall prove a = 8. To this end set 
H(z) = (G(z) —«)(G(z) —8). H(z) is then a bounded analytic func- 
tion in |z| <1. Given e > 0, choose § > 0, so that | g(A) — «| < e and 
| g(a) —B | < « provided | A— à| < &. | 

Now a.e. on |A| —1 either G(A) — g(A) or G(A) =g(—A). Hence 
a.e. on [A|—1, |[A—Ao| <8, [H(A)|I<2R{gl'e It follows from the 
Poisson integral representation for H in |z| < 1 that |! H(2)| <eiflz| <1 
and |z— ào | < &. 

Now A ge S,* and also A) £ 8”. Hence the neighborhood | 2— À, | < 3 
contains 21, 22 with | G(z) —a|< ê, | G(z) —B|<& An are in this 
neighborhood which joins 2, and z, then contains some z where both 
| G(z) —a | < dand | Gzy—B| < à. Hence a = 8. Thus g(ào) = g(— ro). 
This contradicts go(Ao) 0. Hence As40. Lemma 1 is thus established. 





Proof of Theorem 1. [A*,~] >< C by assumption, and also (A) +0 
since A2,y separate points on |à|==1. Lemma 1 then gives that 
we(A) = E (à?) with F, in Y. Now any function in Y may be uniformly 
approximated by polynomials in |A| Æ 1 and so ye is approximable in the 
norm of C by polynomials in À Hence yee [Aà y]. It follows that 
Woe [A?, y]. 


Set h == Yo? + y. Then ho = yo 4 0 on | à | —1. Also [A2, k] G [x3 y] 
#0. By Lemma 1, then, he(à) — yo? (à) + ¥e(A) =E (X), E in Y and so 
Po (à) =F (X), Fin X Now yo(à) 0 if | à | = 1 and so F(z) has only 
finitely many zeros in |z| <1. Thus we can write 
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F(z) = TI (e—a?) (B:(2))$, 
where H eù and where the À? are distinct points in |à] <1. Hence 
Yo (à) = (II (A? — M?) BE, (A7), where TI (A? — A,7)}4 is one of the two 
+= ¿=l 


single valued branches of this multiple-valued function defined on |A| —1. 
Since yo (A) = — ¥o(—A), n must be odd. Thus y = ÿe + ÿo has the desired 
representation. 


Conversely, suppose w is of the form w(A) = E (àF) + p(A)#2(A’), 
where E., Eae X, p(a) = {IT (2—az2)}%. Then [A3 y] C [A3 p]. Now it 
4-1 


is easily seen, using the fact that p(A) == — p(— À), that [A’, p] consists of 
those and only those functions having the form: f(A) = A(A?) + p(A)B(A’), 
A,BinY. Hence clearly [A?, p] AC and so [A2,¥] £C. Theorem 1 is thus 
proved. ‘ 


Proof of Theorem 2. Suppose [A”, p] C M’, where M is a proper closed 
subalgebra of C. We must show M’ = [A?, p]. 


Take any f in M’. Let h = f + rp where r is a constant chosen so that 
ho(A) £0 on | à| =1. Since [A2,h] C M’, Theorem 1 then gives 


h(n) = AG) + OL OP — 6) E: BO), A,B in A, 
Hence 


ho PQ) = qu GP — 8?) (I A — we) BG) e M. 


Set k= hop + p. Then ky(A) =p(A) 0 and [Ak] CM’. Hence by 
Theorem 1, &e(A) = hop (A) =K (à~), K in M. Hence the é and the À; must 
be equal in pairs, whence h(A) = A (X°) + p(A)B(X). Thus ke [A*, p] and 
so fe [2,9]. Thus M = [xp]. 


2. Let now ¢,~% be any pair of functions in C separating points on 
|A|—=1. Let T be the curve in R,, the space of two complex variables, which 
is given parametrically by: zı = (à), z= y (à), |A|=1. T is then a 
simple closed Jordan curve. By a piece of an analytic surface we mean a 
bounded subset F of R, such that if (2°, 2°) e F, there exist functions 
2,(€),22(€) analytic in a neighborhood of é in the complex é-plane such 
that zı == zı (É), 22 = 22.(€) represent # parametrically in a neighborhood of 
(23°, 22°) with 2, (&) = 2,°, Za (o) — 22. We now have condition: 


te 
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(I) There exists no piece of an analytic surface bounded by T. 
THEOREM 3. Condition (1) is necessary in order that [¢, 4y] =€. 


Proof. Suppose # is a piece of an analytic surface bounded by I. Let 
P (zı, 22) be any polynomial. Restricted to F, P (zı, 22) is an analytic func- 
tion on and hence | P(z:,22)| attains its maximum on the boundary. 





Fix now 2,°, z in #. For all polynomials P set m(P(¢, #)) == P(21°, 20°). 
Then by the above, 


|m (P(e ¥))|S sup | P(e, 22) 





= || P(g, y) |. 


Thus m is a bounded multiplicative functional defined on a dense subset of 
[p, y] and hence may be extended to be a multiplicative functional on all of 
[¢,v]. If now [¢,¥] =C, every such multiplicative functional has the 
form: f —> f (Xo), Ao fixed, | Ao |= 1. Thus 2,9 = m(¢) = (Ao), 22° = m (y) 
= 4 (ào). But (41°, 2) ÆT and (6(Ao), ¥(Ao)) eT. This is a contradiction, 
and so our assertion holds. 


THEOREM 4. Let (à) be one-one on |A|==1. Then (I) is also 
sufficient in order that [¢,¥] =C. = 2 


Proof. Let y be the curve on which ¢(A) maps the unit circle. Then y 
is a simple closed curve in the plane. Suppose now [¢, y] 0. The author 
showed in [1] that then y belongs to the algebra generated by ¢ and hence 
that y (à) =F (¢(A)), where F is continuous inside and on y and analytic 
inside y. Then the set of points (2, 22) in À, with z, = £, Za == F(é) where 
é ranges over the interior of y is a piece of an analytic surface F and Ẹ is 
bounded by T since (é, F(£)) with é on y is the general point on T. 


THEOREM 5. Let A”, y separate points on |A|==1. Then (I) is also 
sufficient in order that [X°, y] =C. 


Proof. Suppose [A°, y] 40. By Theorem 1, 


D (A) = E, (a2) + qi (Ah) (d2), Ba Be A,n odd. 


Let & be the Riemann surface of the function {II (z — A’) P, represented as 
é=1 


a two-sheeted covering of the z-plane with branch-points over Añ, t= 1,2, 
-- -m Let $’ be the region of 4 lying over the region |z| < 1, and y 
its boundary. Then y is a simple closed Jordan curve on &. Let Z be the 
function on $’ whose value at g, where q lies over z, == z, and W the function 


of 
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on 9’ whose value at q is H,(z) + {II (2 — à?) PE:(z). Z and W are 
4=1 


analytic on 4’ and together separate points on 9’. 

The set of points (Z(q), W(q)) in Ra q in 9’, is a piece of an analytic 
surface F. Its boundary is the set of points (Z(q), W(q)) with q in y. But 
for q in y, q lying over 4°, Z (q) =X, W (q) = y (A), and so (Z (q), W(q)) ef. 
Conversely all points in T are obtainable in this way. Hence T is the boundary 
of F. Thus (I) fails if [A2, y] AC. g.ed. 

_ Theorems 4 and 5 suggest the conjecture that [¢,y] =C if and only 
if there exists no analytic surface bounded by T. 
We hope to return to this question at some later date. 
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ON MONOTONE SOLUTIONS OF SYSTEMS OF NON-LINEAR 
DIFFERENTIAL EQUATIONS.* 


By PHILIP HARTMAN and AUREL WINTNER. 


A theorem of Kneser [3], pp. 183-191, on a non-linear differential 
equation of second order, 


(1) y” = F(t, y), 


implies that if g = q(t) is a non-negative, continuous function on 0 = t <a, 
then the linear equation 


(2) > y” = g(t)y 
possesses a solution y = y(t) satisfying y (0) > 0, 
(3) 9) 20, ¥t)S0, yao 


on 0OSt<o. | 
Kneser’s theorem dealing with (1) has been generalized in [1] so as to 
apply to an equation of the type 


(4) y” = F(t y, y); 


cf. [1], where references are given to earlier treatments of (4). The theorem 
concerning (2) has been generalized in [2] to the case in which (2) is replaced 
hy a linear system of differential equations of first order, 


(5) v = — Å (t)z, 


where x is a vector with n components z’,- : -,æ* and A(t) = || &; (t) || is a 
continuous n by n matrix. 

The proof in [2] for the general theorem on (5) is soniai simpler 
than older proofs for the particular case dealing with (2). The object of the 
present note is to carry over the ideas of that proof to a non-linear system 


(6) = — f(t, £), 
where x and f are vectors; so that (4) is a particular case of (6). 
The following terminology will be used: A vector x is called non-negative 
* Received June 24, 1954. 
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(z= 0) or positive (x > 0) if all of its components are non-negative. or 
positive. Similar definitions apply to s & 90, & < 0, and to % È £ If %, T2 
are two vectors. 


(*) Let f=(f,---,f") =f (t,x) be a continuous (vector) function 
of (t,x) = (t, 2", ++, a") for 


(7) t= 0, xz = 0, 
satisfying 
(&)  f(60)=0; (8) f(x) EO. 


For every constant T > 0, let there exist a positive, continuous function 
¢=—¢r(r), 0Zr <%, satisfying 


(9) f dr/ġ (r) =% 
and 
(10) (OS) efe) Sellel) if OS*tST. 


Then, for any constant c > 0, there exists ‘at least one Cae) function 
x = g(t) which satisfies : 


(11) | 2(0)| =c 

and which is a solution of (6) for OS t <æ (so that 
(12) a(t)=0 and v(i) =0 
for0St<o). 


In (10) and (11), the symbol | x | denotes the Euclidean length of the 
vector x and the dot denotes scalar multiplication. 

(*) contains the result of [2] concerning (5) ; in fact, if f(t, z) — À ne t, 
then ġr(r) in (10) can be chosen to be Crr, where Or = const., and (82) 
holds on the set (7) if the elements a;;(t) of A(t) are non-negative. 

If x == (21, z?) is identified with (y, — y’), then (4) becomes the system 


SZ, oY == — I(t, a, — 2°). 


If this system is identified with (6), so that f= (f!, f?) becomes 
(1, F(t, zt, — z?) ), then (*) requires that F(t, y, y’) be defined and con- 
tinuous for {= 0, y= 0, y = 0; that 


(13) F(t,0,0)==0 and F(t,y,y’) 20; 


finally that, for every T, there should exist a positive continuous function 
¢@=¢r(r) satisfying (9) and 


9 
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(14) OZ) —yy —y F y, y) Eta + y?) tf ostsly20y 50. 


Under these conditions (*) implies that, for every c > 0, there is a solution 
of (4) satisfying y?(0) + y” (0) =c and (3) for OS £ Ko. 

This assertion is in some respect similar to that of (I) in [1] which, 
however, places more emphasis on the unequal standing of the components 
of the vector z = (y,—y’). In [1], the function F(t, y, y) is continuous 
for t= 0, y = 0, y = 0 and satisfies (13), but (9) and (14) are replaced by 
the requirement that, for every T > 0, there exists a function y—yr(r), 
OZ r <w, satisfying 


00 


(15) | f iora 
and 
(16) Fiyy)Sv(—y) 0S 0SyST, y¥S0. 


Correspondingly, (I) in [1] permits the assignment of y(0) > 0, rather than 
that of y?(0) + y° (0). (Note that if y is fixed (and y 0), then (14) 
implies the inequality in (16) with y(— y) =— ẹ (4? + y”)/y’. With this 
choice of y, the relations (9) and (15) are equivalent.) 


Proof of (*). Let the definition of- f(t, s) be extended over the (n + 1)- 
dimensional half-space (0 = ¢ <œ, x arbitrary) by the assignment f(t, z) = 0 
if at least one component of x is negative. It follows from (8,) that f(t, x) 
is continuous on this half-space. Furthermore, (8,) and (10) hold for 
arbitrary æ (whether or not r= 0). 


The condition (9) and the inequality (10) (or just | æ- f(t, z)| S ¢(| x |?) 
imply that if sz — z(t) is a solution of (6) on some interval (0 =) 4 t= £, 
then all continuations of a(t) exist on OSt<o. This follows from [4], 
pp. 176-178, if (10) is replaced by | f(¢,x)] S ẹ(| x|). In order to use (10), 
let r= | z | in [4], p. 177, be replaced by r = | |?; cf. [5], p. 557. Then, 
by (10), |7 | =| 2e-2 |S 2|e-f(t,7)| S2¢(r) and so the argument 
applied in [4], p. 177, becomes applicable. 

Note that the formulation above in terms of “all continuations” is 
needed since the conditions imposed on (6) do not imply the local uniqueness 
of solutions of (6). The assertion concerning the continuability of z = z (t) 
over the range 0 = { <oo is not true if f(t, x) is defined only on the set (7). 

Let T > 0 and let v, > 0 be a given positive vector. Consider a solution 
z= s(t) = z(t, T, £o) of (6) determined by the initial condition s (T) = a. 
This solution can be considered to exist for 0 S <œ and, in particular, 
for 0St=T. In view of (6) and (8), a(t) =0. Consequently, 
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a(t)2e2(T)>0i0StST. (In particular, z— (ti) on OStST is 
a solution of (6) even before the extension df the definition of f.) 

For a given T > 0 and a given c > 0, there exist at least one Zo = &o(T, ¢) 
and a corresponding solution s == g(t; T) —v(t, T, £o) of (6) satisfying 


(17) a(t;T)20 on OStST . 
and, for t == 0, 
(18) e057) | se. 


If this fact is granted for a moment, the proof of (*) can be completed as 
follows: 


Since z = g(t; T) satisfies (6), hence 2’(¢;T) = 0 by (82), it is seen 
from (17) and (18) that 


ow 


(19) jx(t;T)| Sc on OStST. 


In view of (19) and the fact that s= g(t; T) is a solution of (6), the 
sequence of functions z == q(t; m) of t, where m = 1,2," <>, is uniformly 
bounded and equicontinuous on any finite t-interval. Hence there exists a 
subsequence which is uniformly convergent on every finite f-interval. Let 
z = q(t) denote the limit of such a subsequence. 

By (18), x == s(t) satisfies (11) at ¿= 0. Also, c= g(t) is a solution 
of (6), since each a—2(t;m) is, and satisfies z(t) = 0 on OSt <a, 
since c(¢é;m) Z0 on OStST tt maT; ef. (17). Finally, v(t) = 0, 
by (6) and (82). 

Thus, in order to complete the proof of (*), all that remains to be proved 
is the assertion, granted above, concerning (17) and (18). To this end, 
suppose first that the solutions of (6) are uniquely determined by initial 
conditions. Thus æ = g(t, T,x) is uniquely determined by (T, s) and is 
a continuous function of (t, T, so). In particular, | (0, 7,2 )| is a con- 
tinuous function of x, for fixed T. Since (6) and (8,) show that a(t, T, 0) = 0, 
it is seen that | x(0, T,0)|==0. Also, z > 0 implies x(0, T, 2) = x, hence 
| 2(0, T, zo) | = | zo |. Thus, if ¢ (> 0) is fixed, continuity considerations 
supply the existence of an Zo > 0 satisfying | æ(0, T,æ)l—c. This proves 
the statement concerning (17) and (18) when the solutions of (6) are 
uniquely determined by initial conditions. 


If (6) does not have this (local) property, let T be fixed and, on the 
bounded (t, x)-set defined by 


(20) OStST; «=, |s] = 2¢, 


Li 
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let fı (t, ©), f2(6,t),: > -be a sequence of smooth functions satisfying 
(21,) =- H 0) = 0; | (212) fi{t, 7) 20 

and, as 7 —0o, ° 

(22) fi £) > f(t, £) 


uniformly on (20). (The existence of such functions f; is clear, for example, 
from the theory of Fourier series.) 

The uniformity of (22) and the fact that 6 — ġr(r) is a positive func- 
tion show that, on (20), 


(23) (OZ) 2 f(t, 2) < 2Gr(| x |?) 
if 7 is sufficiently large. Consequently, if 7 is sufficiently large, the function 
f;(t, x) can be extended to the set (0S t= T, s = 0) so as to be continuous 
and satisfy (21,) and (23). 

- The considerations above, dealing with (6), show that, if 7 is sufficiently 
large, then 
(24) Sf fiihs) 


has a solution z = z;(t) satisfying 
(25) | æ; (0) | =¢ and x(t) = 0, xj (t) =0 on OZIS<T, 


In particular, | gH S¢ on OSUtST. 

The sequence of functions z,(¢),#2(t),- + - is uniformly bounded and 
equicontinuous on 0 = t T. Consequently, there exists a subsequence which 
is uniformly convergent on OS tS TF. Let s= s(t; T) denote the limit 
function of such a subsequence. It follows from the uniformity of the limit 

‘relation (22) on (20), that e(t) = z(t; T) is a solution of (6). By (25), 
s(t; T) satisfies (17) and (18). This completes the proof of (*). 

(*) and the procedure applied in [6] supply existence theorems for 

solutions of (6) which are representable, for 0 = t <æ, as Laplace integrals 


(26) z(t) = f eteda(s), where da(s) = 0 
o 
(the last inequality means that a = a(t) is a vector function the components 
of which are non-decreasing on 0 Æ t <œ). 
(**) Let ff (t,x) in (6) satisfy the conditions of (*) and, in 
addition, possess continuous partial derivatwes of every order satisfying 


(27) (—1) DD Me + + Datt = 0 (hy = 0,1,---) 
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on (7), where D} = 8/02". Then any solution of (6) satisfying (12) an 
OS t <æ is representable in the form (263. | 


Proof. The theorem of. Hausdorff-Bernstein states that the existence 
of an a==a(t) satisfying (26) is equivalent to 


(287) (— 1lidtz/dht = 0 for 0St<o, 


where h == 0,1,: + +. The relations (12) are equivalent to (28) and (28,). 
Differentiation of (6) gives 


a” (t) = — 6f/Ot — I a Of 0m. 
k=1 

Thus it is seen from (27) and (28,) that (28.2) holds. A simple induction 
proves (28,) for h=0,1,--- and, therefore, (**). 

The well known “ enveloping ” property of the partial sums of the series 

et — $ (— t) ”/m L 
m=0 

where ¢== 6 is the solution g’ == — q, is the simplest illustration of the 
following theorem: 


(***) Let f(t, x) in (6) satisfy the conditions of (*) and, in addition, 
let f(t, £) be defined and continuous on the half-space (0 S t<%,| z| <oo) 
and be a non-decreasing function of z, 


(29) F(t, m) S f(t, t2) tf ME Te. 


Let x == x(t) be a solution of (6) satisfying (12) for OS t <æ. Then the 
successive approximations to s = s(t), defined by 


(30)  zo(t)=2(0); ant) =2(0)— f F(s, ema(s))ds, 


where m == 1,2, - +, satisfy 
(31m) (— 1)"(tn(t) —a2(t)) 20 for OS t Lo, 
where m == 0, 1, °°. 


Although f(t, æ) is defined and continuous on the half-space (0 S t Ko, 
and æ arbitrary) and (29} is required on this half-space, the inequalities (82) 
and (10) are assumed only on (7). Accordingly, it is neither stated nor 
assumed that the successive approximations satisfy z,(¢) 20. N either is 
it stated or assumed that the successive approximations converge. 


+ 
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_ The conditions of (*) and the additional condition (29) of (***) are 
satisfied if (6) is the linear system (5) and every element aj,(t) of the 
matrix A(¢) is continuous and non-negative. 


Proof. It is clear that 


tn(t) — a(t) = f {f(s 2(8)) — FS ma(s)) }as, 


Hence (31m) holds, by virtue of (29), if (31%) holds. But v(t) =0 
implies that x(t) Æx(0) for OS t Lo, that is, that (31,) holds. Thus 
(FFE) follows. 
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‘THE SPECTRA OF TOEPLITZ’S MATRICES.* 


By Purr HARTMAN and AUREL WININER. 


1. Introduction. The function classes Z? will refer below to functions 
of a real variable ¢ on the interval — r< ġ < m. Two functions which differ 
only on a zero set will be considered to be identical. | 

If f—(---, fa fo fa’ * *) is a vector with complex components and 
a finite length, 


(1) HER 


let f(@) denote the function of class L? having the Fourier series 


(2) TORR 


Let f = (f-, f+), where ft and f~ are the respective sequences f* = (fo fi,* °°), 
f = (- + >, f-zs f-1), and let the corresponding functions f*(¢), f- (¢ẹ) of class 
L? be called the interior and exterior functions of f(¢), 


(3) Fig) ~3 faeit and f-(é) ~ à fae 


Finally, let Q and Z denote the Laurent and Toeplitz matrices determined by 
f, that is, let Q — (frm), where n,m == 0, + 1,- > +, and Z = (fam), where 
No m= d eA 

Functions of class £1 having Fourier series of the form (3) will also be 
referred to as interior and exterior functions. 

If «== (a, x+) and u* have finite lengths, then &(a7, +) = (y, y*) and 
Tut = v* are defined (without necessarily having a finite length). The 
relationship &(0, s+) = (y, y*) implies that Zet = y*. In addition, (y~, y+} 
= Lx, xt) means that f(¢)2(¢) = y(¢), where y(¢) is a function of class 
TA with the sequence of Fourier coefficients (y~, y*). In particular, if y* = Tor, 
then y*(#) is the interior function of f(¢)2*(¢), 


f(d)at(¢) =y (A) + y¥ (4). | 
Let f(¢) be real-valued, so that 
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(5) fn = fr. 


Correspondingly, & and & are Hermitian matrices. © can be considered 
as a self-adjoint operator on the space L?. A function x(¢) of class L? is 
in the domain D(X) of Q if ¥(¢) —f(p)z(p) is of class L?; in which 
case y(p) = Ra(). According to Toeplitz ([10]; cf. [6], pp. 152-155), 
À is in the spectrum, S(%), of Q if and only if the set of ¢-values 
{elà — e< t(¢) < àe} has a positive measure for every e > 0, while A 
is in the point spectrum, P(X), of © if and only if meas{¢]f(¢) =à} > 0. 
In particular, & is bounded if and only if — 


(6) f(p) is bounded 


(that is, if and only if | f(@)| S const. for almost all ¢). 

According to Toeplitz (cf., e.g., [8], p. 360), when (5) is assumed, 
& is bounded if and only if © is, that is, if and only if (6) holds. In this 
case, & can be considered as a bounded self-adjoint operator on the Hilbert 
space of the interior functions 2*() of class Z?, where y*(¢) = Zr (¢) is 
defined by (4). Furthermore, the least value, m, and greatest value, M, of 
the spectrum S(T) of & coincide with the corresponding values belonging 
to S¢X). | 

Because of the problem of the possibility of associating a self-adjoint’ 
operator with the matrix % when (6) does not hold, the case of a bounded 
& will be considered first (Part I); the discussion of an unbounded & will 
be deferred to Part IV. 






Part I. Bounded &-matrices. 


2. The spectrum S(T). The following theorem, conjectured in [3] 
but verified there only in certain particular cases, will first be proved. 


Let (1), (2), (5) and (6) hold (so that f(¢) is bounded and real-valued). 
Let m and M be the (essential) lower and upper bounds of f(¢). 
(i) The spectrum S(X) of Z is the closed interval [m, M]. 
(ii) If f() 1s not a constant, that rs, if m < M, then the point spectrum 
P(X) of & is empty. 


These assertions imply that, wnder the assumptions (1), (2), (5), (6) 
and f const., & has a continuous spectrum only. This contrasts with the 
situation for Laurent matrices % which can have a pure point spectrum (or 
a pure continuous spectrum or a mixture of continuous and point spectra). 


e 
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The above assertions are somewhat surprising in view of Szegé’s 
results [8] on the asymptotie distribution of the characteristic numbers 
ie Æ Ace = + SS Ane OF the k-th section r= (fam), where n, m = 0, 1, 

-,k—1, of &. Those results imply, for example, that, in the case of 
the function defined by f(¢) = = 1 according as — 7 < $ <0 or 0 < p < 7, 
one has, as ko, 


{number of A < —1+e}/k > à, {number of Aj, > 1—e}/k > à, 


, for every e œ> 0; while, according to Toeplitz, — 1 S àp & 1. Thus, for 
large k, about a half of the numbers Az, * *, Axx are near — 1 and about a 
half are near +1. On the other hand, the spectrum of & consists of the 
entire interval —-1<: A221; in particular, the numbers Aj, are dense in 
—1SA81. 
It will be seen in Section 7 below that (ii) is false if f(@) is not bounded.. 

In other words, there exist real-valued functions f(#) of class L? for which 
the corresponding (Hermitian) Toeplitz matrix © satisfies Zet — 0 for some 
vector æ*(£ 0) of finite length. On the other hand, (i) can be formulated 
so as to remain valid for all (bounded or unbounded) Hermitian Toeplitz 
‘matrices; see Section 12. 

-+ (i) will be deduced from (iii) below in Section 4; (i) will be pod 
in Section. 3. 


3. Proof of (ii). Suppose that P(X) is not empty, so that there is a 
point à = às in P(T). If & is the identity operator, then 2 —A,% is the 
Toeplitz matrix belonging to f() — À. Hence, it can be supposed that 
ào = 0 and that there exists an x*(¢) 0 of class L? such that Tro (db) — 0. 
According to (4), this means that ° 


(7) flez (8) =y ($) ~ 3 guet, 


Since m < M, it follows that f(¢)s40. Furthermore, by a theorem of 
F. and M. Riesz, æo (p) s£0 implies that x)*(¢) vanishes at most on a set of 
measure 0. Hence y (b) 6 0 and so there is a least (positive) integer n == N 
satisfying Yen #0. It can be supposed that y x = 1, so that 


y (pb) — eNO Lg yy e e 


If the relation (7) is multiplied by e$, it is seen that S2+() = 1 if 
æ*($) is the inner function e*V%z,*(¢). Similarly, it is seen that Ta*() == et% 
if 2*() is the inner function (e#4*)¢ — y_n ett) Zo (p). An induction 
shows that the range of © contains 1, e*?, e?4¢,- - - and is therefore dense in 


è 
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the Hilbert space of interior functions. But this implies that the self-adjoint 
operator & cannot annihilate æ*(p) +40. This contradiction proves the 
assertion (il). 


Part II. Riemann’s problem. 


4. Equation (8). The problem of the existence of interior and exterior 
functions zo (p), Yo (¢) satisfying the equation 


(8) F($)%o*(d) =1+ yo (4), 


when f(¢) is given, goes back to Riemann; cf. [4], pp. 309-821 and [5], 
p. 210. The answer to this problem when f(#) is real-valued, bounded and 
measurable and solutions 2*(¢) of class L? are desired is contained in the 
following assertion : 


(iii) Let f(¢) be a real-valued, bounded, measurable function on 
(— 7,7). Necessary for the equation (8) to have a solution x*(¢) of 
class L? is that f(¢) have the following properties: 


(9) | sgn f (p) is a constant (1 or — 1); 


(10) 1/f(@) is of class LA. 


It will follow from (iv) that the converse of (iii) is true, that is, that 
(9) and (10) are sufficient in order that (8) have solution 2*(¢) of class L’. 


Remark 1. It will be seen below (Section 7) that (9) does not remain 
a necessary condition if the hypothesis that f(¢) is bounded is replaced, for 
example, by the assumption that f(¢@) is of class L?. . 


Remark 2. Proof of (i). The fact that (9) is a necessary condition 
for the solvability of (8), with an z*(¢) of class L?, implies (i). 


In order to see this, Let m < À < M. If À is not in the spectrum 
S(T) of Z, then the equation (Z —A)a*(d) —1, that is, the equation 
(F(p) —A)at(¢) —1+ y (D), has a solution z*(¢) of class L2. But since 
sgn(f(p) —A) is not a constant (almost everywhere), this leads to a con- 
tradiction. Hence À is in 8(%). Since S(T) is a closed A-set, (i) follows. 


(iv) Let f(¢) be a function of class LA. Sufficient for (8) to have a 
solution To (p) of class L? is that f(¢) have the properties (9) and (10) 
(in which case yo (pb) is of class L’). 


It may be remarked that if (8) holds for functions zo (p), yo (D) of 
class L?, p > 0, then 
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(11) log | f(#)| is of class ZA. 


In fact, log | &t(b)| and log | 1 + yo` (¢)}] are of class Z ([9], p. 233 for 
the case p — 2 and [7], pp, 91-92, for the case p > 0). 

Theorem (iv) will be deduced from results of Szegé [8], pp. 176-177; 
its proof will only be sketched. Actually, (iv) can be deduced from a theorem 
of Szegô [9], p. 285, which implies that if 1/f($) is of class L*+ (where f is 
not assumed to be of class Z4), then 1/f(¢) has a factorization of the form 
1/f ($) = + | ot ($) |”, with an 2 *(p) of class Z7, if and only if f() has 
the properties (9) and (11). This theorem of Szegô does not imply (iii), 
which concerns (8), that is, the more general factorization 2o*(¢)/(1 + yo-(¢)) 
for 1/f(¢); on the other hand, it turns out that this more general factoriza- 
tion is necessarily of the form 1/f(¢) = + | sọ (p) |? if f is bounded. 


5. Proof of (iii). Let f({¢) be bounded and measurable and let (8) 
have a solution vo (ġġ) of class L*; so that yo-(¢) is an exterior function of 
class L?, In the Fourier expansion of x)*(¢), the 0-th (constant) term is 
not 0, for otherwise multiplication of (8) by e-t? gives a relation which shows 
that X= 0 is in the point spectrum P(X) of & and that e*¢z,*(d) is a 
corresponding eigenfunction. By (ii), this means that f(4) —0 almost 
everywhere, which contradicts (8). Therefore, it is possible to write 


(12) Lo lh) ~ CS aneth, where c40, ao = 1. 
n=0 


The function 1 + 4."(¢) is of class E and has, therefore, a Fourier 
expansion, 


(13) 1 + yo ($) à nore =l., 
Let 1 = Bo, Bi," * + be the sequence of numbers defined by the relation 
(14) (3 ynat) — 3 Baa” 
n=0 n=0 
for large |2|. Thus, formally, 
(18) (1+ yor($))#~3 Bae, Bo. 
n= 
Let X, Y, Y, denote the three Toeplitz matrices 
100. 1 Br Bo . (100. 

a __[æ 10. o [0 1 Br. jy 10. 

(16) À = äi a, 1 f 3 9 = 0 0 1 : 2 Yo = Ye yı 1 
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belonging to the functions 2*(—¢)/ce, (1+ yo (—d))}1, 1+ yo (D), 
respectively. . 


Let (8) be multiplied by et” and the result written as 
(17) f(p)@o*(p)e**? = pal) + Yr ($), 


where Pale) = ein? + yeth DL... + yn is an interior function which is 
a polynomial of degree n in et? and y, (ẹ) is an exterior function. Then 
(16) implies that, in terms of matrix-vector multiplication, 


Do (1; gD ero `) Hi (1, Pı($), p2(),° se 


The matrix 9, has a unique formal inverse 9)" which is the transpose of Y, 
(1, eið, eit, 0 ) = Hier, pil), p2(¢), T° J 3 

that is, 

(18) eint — 3 Br spil$), po($) =1; 


cf., e. g, [12], p. 280. It follows from (17) and (18) that. 


F(p) (D) À Bnet == etne EL Win (D), 


where Yin) (#) is an exterior function. 

Let at == (%0,%,° ° +) be a vector having only a finite number of com- 
ponents different from 0 and let the last relation be multiplied by z, and the 
result summed with respect to n. There results the equation 


(19) (aa (8) 3 (3 Barnes) ett — aCA) + y (6), 


in which the double series is a finite sum and y-(#) is an exterior function. 

Since the case f (ġ) 540 is excluded, A == 0 is not in the point spectrum 
of &. Hence T° exists and is a self-adjoint operator, which may or may not 
be bounded. Equation (19) implies 


(20) Ta ($) — ro (8) À ( E Bar) et 
It follows therefore from (12) and (14) that 
(21) Trt = eX (Yat) = c( YX)". 


In fact, the legitimacy of the necessary rearrangement of summations is trivial, 
because of the triangular forms of X and 9) and the fact that the vector z* 
has only a finite number of non-vanishing components. Since Z* is self- 
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adjoint (in particular, the scalar product relation (2-*z,*, £a) = (214, D444") 
holds if z,+ and z+ are vectors with only a finite number of non-vanishing 
components), it follows that the matrix cX) is Hermitian. Since the first 


row of £9) is i, 8: - - and its first column is 1, an> +, 


(22) c is real and Bn = dn, n= 0,1, 


Since zo (ġ) is of class L?, (12) and (18) show that (1 + yo (ẹ))= is 
of class L? and, in fact, that (1 + y.(¢))-? is the complex conjugate of 


%o*(p)/e. Hence (8) implies that f(¢) can vanish only on a zero set and 
that 


(23) 1/f ($) = | zo ($) |?/e. 
Thus, according as ¢ > 0 or c < 0, f(¢) > 0 or f(¢) < 0 almost everywhere. 
Finally, 1/f(¢) is of class LA, since x)*(¢) is of class L°. This proves (iii). 


6. Proof of (iv). Let f(¢) > 0 almost everywhere and let — log f(¢) 
be of class LA, In particular, — log f(¢) has a Fourier expansion, 


(24) Tog F($) = 9 (8) +. (6) — 3 gue? +3 gaet, 
where 
(25) In == Fn. 


For |z| < 1, put 
(26) a) = 2 f (— Hog f(9)) (et +2) (0 —2)-id, 


so that @(z) = 490 + S gn2", and put 

n=1 
(27) H* (2) = exp (390 + G(z)). 
According to [8], pp. 176-177, the fact that 1/f(#) is of class LA implies that 


TF 
lim f | H* (ret?) |? db <œ. 
r->1 
Consequently, 
(28) Tè (p) = exp g*(¢) 
is the interior function H+(ei$) and is of class L?. Since f(#) is of class LA, 
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it is seen in the same way that the function yo (¢) defined by 1 + yo"(¢) 
= exp(—g"(¢)) is an exterior function of class L?. On writing f() as 
exp(— g*(¢) —g°(¢)), it follows that (8) holds. This proves (iv). 


Remark 1. The construction used in this proof goes back to Plemelj [5], 
p. 210. This becomes clear if it is noted that the regular function H*(z), 
satisfying To*(p) = H*(eiŸ), is given by 


(29%) H*(e) exp, À (—logf(é))(eé—2)doé, [el <1, 


=F 


and that 1 -+ yo (¢) = H-(et$), where H-(z) is the regular function 
(29) H(z) exp à | (log f($)) (et — ej des, fa | > 


Remark 2. Let f(¢) be bounded and positive almost everywhere and, 
in addition, let f (p) satisfy (10). Then (8) has a solution a*(¢) of class 
L? and 1/f(¢) possesses the factorization (23), where 


¢—=exp(— 2 f log f($)d9) ; 
cf. (12) and (28). Correspondingly, the factorization (21) for &-1 can be 
written as 


(30) Rt = eY*Y, 


where 9) — X* is the complex conjugate transpose of the matrix X defined 
by (12) and (16). - 


The Toeplitz matrix 9) is bounded if and only if the function H*(z), 
given by (26) and (27), is bounded for |z! < 1 (cf., e. g., Appendix below; 
for references, see [12], p. 278). This is the case if and only if the real 
part of G(z) is bounded from above for |z|< 1. Since the real part of G (z) 
is the Poisson integral of — {log f(¢), it follows that YŸ is bounded if and 
only if — 4log f(¢) = const. almost everywhere, that is, if and only if 
f(¢) = Const. > 0 almost everywhere. This gives another proof of the fact 
that if À is not on the interval [m, M], then À is not in the spectrum of ©. 
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Part III. A counter-example. 


7. A pathological case. An example proving the following assertions 
will be given: 

Let f(¢) be real-valued and of class L? and let © be the corresponding 
(Hermitian) Toeplitz matria. 


(ii) It is possible that equation (7) has a solution x*(¢) of class L’, 
that is, that À — 0 is in the point spectrum of ©. 


(ili*) It 1s possible that equation (8) has a solution xo*() of class L’, 
even though (9) does not hold. 


It will be seen in the proof of (iii*) that if f(b) is real-valued, bounded 
and measurable but does not have the property (9), then (8) can haye a 
solution to*t() of class L? for every p < 2 (cf. (33)-(34) below), although, 
according to (iii), (8) cannot have a solution 2)*(@) of class L?. 


8. Proof of (iii*). Let F(z) denote the regular function 


(31) F(z) = {(i-+.2)/(i—2) # for fz | <1 (F(0) =1). 
Then 
(32) lim f | F (rett) |? dob <% for every p < 2. 


Furthermore, F(et#) is (defined and) continuous except at == $r and 
vanishes only at ¢ = — $r. On the other hand, the real part of (F(eié) )? 
is identically 0, so that u°($) =v? (p) if F (eit) = u + iv, where u(¢), v(¢) 
are real-valued. Put 

(33) f1(p) = + 1 according as | p | < $r or dn < | | <r. 

Then filh) == sgn v(p)/u(b) and f1(¢)(v — iu) = u — iv except at D == + dr. 
Hence, if z, (ġ) denotes the interior function — iF (ei) == y — iu of class L?, 
p < À, 

(34) fi(d)a*(o) = 1 + yr (D), 


where 1 + yo (p) =u — w and y. (¢) is an exterior function, since u — w 
is the complex conjugate of F(eï*) and F(0) — 1. 
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Let 0 < e < À and put 


(85) fald) = 17] (6 — ei) (i + 0) je 


Then j:($) is of class L? and 1/f,() is bounded. Hence, assertion (iv) and 
its proof show that there is a regular function, say H,*(z), on | z| < 1 which 
is bounded on |z|<1 and has a boundary function za (9) — == HM (e$) 
satisfying 


(86) To(p)@e*(p) =1 + yo (D), 


where 4x (¢) is an exterior function, and 
(37) [tt (p) |? = const. /fa ($) = const. | (i — ett) (e + e18) |e, 


Put f($) = fı ($)fa($), so that, by (33) and (35), f($) is of class L. 
Let zo (p) == z+ (p) (p) == — iF (et) H (e°). Then (35) and (36) show 
that (8) holds with yo ($) — yo (4) + yo" (p) Hyr ($) yo" (p). Since s (4) 
is bounded, the function z,*(¢) is of class L? for every p < 2; in fact, 


f | F (rett) Hy (rett) |? dp <œ if p < 2. 


On the other hand, the boundary function 2,*(#) is of class L’, by (81) and 
(37), and so 


tim f | F (ret?) H.* (ret?) |? dp < oo. 


Hence sot (p) is an interior function of class L?. It is seen in a similar 
manner, that yọ (¢) is an exterior function of class L*, In view of (33), 
this proves (iii*). 


9. Proof of (ii*). In order to prove (ii*), it is sufficient to show that 
for the function f(¢) —/f1(¢)fe(¢), just constructed, the equation (8) has 
at least two solutions 2)*(¢) of class L?. For, if this is the case, the difference 
of these solutions of (8) is a solution of (7). 

In order to construct another solution of (8), note that since f:(#) 
== sgn(v/u) and u? = v?, (34) holds if 2,*(¢) = (v + iu)/(u? + v?) denotes 
the interior function 1/F(e**) ==1/(u+w) and 1+ 4:°(¢) the function 
(u +iv)/(u? + v?), which is the complex conjugate of 1/F(e'%). Thus. 
if æ*(#) is the function satisfying (36) and (87), it follows that æ*() 
== £1°()X_*(h) == iH (et$)/F (ett) is a solution of (8), where 1 + yo (¢) 
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= (1+y(¢))(1 + y2°(¢)). The arguments used after (37) show that 
z (¢$) is an interior function of class Z*° and that yo-(¢) is an exterior 
function of class LA. : 

Consequently, (8) has both functions 2)*(¢) ——+iF(e'”)H,*(e*), 
tot (p) —iH,"(eté)/F(eid) of class L? as solutions. Thus (ii*) is proved; 
in fact, the difference sọ (p) == — iHa (ett) (F (ett) + 1/F(e?)) 540 is a 
solution of (7) and of’class Z?. 


Remark. It is of interest to note that the functions z*(¢), 1 + yo" (¢) 
satisfying (8) in the above proof are the boundary functions H+ (ett), H-(ei) 
of the functions (29*), if logf(¢) is suitably interpreted. Thus, in the 
formula log f(¢) = log fi(¢) + log fe(¢), let log fe(@) be real and let 
log f1(¢) be 0 or wm according as f,(¢) — 1 or fi1(¢) =— 1. The resulting 
function (29+) has the boundary values H* (e$) = — iF (e$) H,*(e*?), that 
is, the first solution of (8) constructed above. On the other hand, if log f1(#) 
is 2xt or ir according as f,(¢) — 1 or f,(¢) =— 1, the resulting function 
(29*) has the. boundary values H*(e*¢) —7H,*(e'?)/F(e*), that is, the 
second solution of (8) constructed above. 


On the other hand, not all solutions &*($) of class L? of (8) result in 
this manner. For example, if z)*(¢) #40 is a solution of (7), then for 2 
suitable integer N > 0 and a suitable const., the function const. etm (e) 
is a solution of (8); cf. the proof of (ii). But const. ete (p), where 
| b | < m, are the boundary values of a function which is regular for | z | < 1 
and which vanishes in the N-th order at z = 0, while a function (29*) does 
` not vanish for | z | < 1 (if log f(¢) is of class ZA). 


Part IV. Unbounded %-matrices. 


10. The Toeplitz operator %. With a given real-valued f(¢) of class 
L? and its Toeplitz matrix %, associate the following operators on the Hilbert 
space of interior functions z*(¢) of class L?: 

Let D(X) denote the set of those x*(#) of class L? having the property 
that y*(¢) in (4) is of class L? and let © denote the operator, with domain 
D(X), defined by Æx*(p) == y*($). (This is equivalent to saying that D(T) 
is the set of those vectors z* of finite length with the property that y+ == Yat 
is of finite length and that Y is the operator, with domain D(Z), given by 
Tat == y*.) 

Let D(X,) denote the set of those z*(¢) which have only a finite number 


+ 
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of. Fourier constants distinct from 0; equivalently, D(X») is the set of vectors 
a* having only a finite number of*components different from 0. Let &, denote 
the operator which is the contraction of & and has D(X) as its domain. Then 
& is a symmetric operator and its adjoint is &, 


Let &* denote the adjoint of T and D(X*) the domain of &*. Then &* 
is the least closed operator containing &,, and &* is a closed, symmetric 
operator. Finally, 


(39) To CRC; (40) TY = Y, 


While the Laurent operator & associated with a real-valued f(¢ẹ) of 
class L? is always self-adjoint, the Toeplitz operator © need not be self-adjoint. 


11. Self-adjoint ©. A careful perusal of the proofs of (i), (ii) and 
(iii) leads to the following statement: 


(I) If the assumption that f(b) is bounded is replaced by the assump- 
tion that f(¢) has the properties that f(p) is of class L? and that © is self- 
adjoint, then the assertions of (i), (ii) and (iii) remain valid. 


There exist unbounded functions f(¢) which satisfy the assumptions of 
(I). This is clear from the following assertion: 


(IT) If f(¢) is real-valued, of class L? and half-bounded, then & is 
self-adjoint. 


In order to verify this statement, it can be supposed, without loss of 
generality, that f(¢) = const. > 0.. Then (iv), the proof of (iii) and the 
Remark 2 in Section 6 show that Z 1 exists, is a bounded operator and has 
a factorization (30), where c > 0 and 9 is a bounded (triangular) Toeplitz 
matrix. Hence % is self-adjoint. Thus (II) follows. 


Remark. The consideration of Toeplitzs matrices was initiated by 
Toeplitz [11] in dealing with the problem of characterizing the Fourier 
constants of a non-negative function f(#). It is curious that the Toeplitz 
operator & associated with such an f(@) of class L? is always self-adjoint, 


by (II). 


12. Non-self-adjoint T. The function f(¢) = fi(p)f2(d) constructed 
in Section 9 shows that a Toeplitz operator © need not be self-adjoint. In 
contrast to (ii), the following is the situation in such a case (since € is the 
adjoint’ of a symmetric, operator) : 
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- Whenever © is not self-adjoint; every (non-real) number A in at least 
one of the half-planes Im À > 0 or ImA<‘0 is an eigenvalue of &. 
Actually, in the particular case of the function f(¢) —f1(¢)f2(¢) of 
Section 8, every non-real number A(Im À > 0 and Im À < 0) is an eigenvalue 
of T. For, by (33) and (35), both f.(#) and fe(#) are even functions of ¢, 
and so f(p) is an even function of ¢. Consequently, © is a real matrix, so 
that (T — 1\S)at = 0 implies (T —XS)#* == 0. Since À — 0 is in the point 
spectrum of &, the Corollary on p. 280, of [1] leads to the following: 


(I*) There exists a real-valued function f($) of class L? such that the 
corresponding Toeplitz operator Z is not self-adjoint but possesses a self- 
adjoint contraction having a non-empty point spectrum. . 


In contrast to (ii), assertion (i) can be formulated so as to be valid for 
all Hermitian Toeplitz matrices &, whether or not € is self-adjoint. 


(IIT) Let f(b) be a real-valued function of class L? and let m (= —«) 
and M (So) be its (essential) lower and upper bounds. If m < p < M, 
then Ty does not possess a bounded inverse, that is, A= Q is in the 
spectrum of the self-adjoint operator (X* — u3) (T — wy). , 


It is clear from (I) that if either m or M is finite, then u = m.or p = M 
is allowed in this theorem. 

The equivalence of the two forms of the assertion of (III) is a 
classical result of Toeplitz.- Whether or not A==0 is in the spectrum of 
(T — u3) (T* — pX) will remain undecided. 


. 18. Proof of (III). In view of (I), it is sufficient to prove (IIT) 
in the case that © is not self-adjoint, (so that m == —œ and M =œ) and 
that u = 0. 
` Suppose; if possible, that Œ is not self-adjoint but that A—0 is not in 
the spectrum of Ê*T. In particular, À == 0 is not in the point spectrum of &. 

For any closed operator © possessing an adjoint &*, the spectra of T*T 
and &* are identical except for the possible occurrence of À — 0 in the 
point spectrum of one of the operators X*X, TE* but not in the point 
spectrum of the other; [1], p. 234. Thus, for the case at hand, where 
& D &* and À == 0 is not in the point spectrum of T*E, the spectra of ET 
and X£* are identical. Hence A= 0 is not in the spectrum of TT*, 

Consequently, the closed, symmetric operator %* has an inverse (X*)-, 
which is closed.and bounded on its domain. .The domain of (*)-*, that is, 
the range of &*, is dense in the Hilbert space (of interior functions 2*(¢) 
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or vectors z+), for otherwise À = 0 is an eigenvalue of the adjoint (2*)* = &. 
Since (&*)-1 is closed and bounded on its domain, the latter is a closed set. 
In other words, the range of £* is the entire Hilbert space. Consequently, 
X* is self-adjoint. This leads to the contradiction that © is self-adjoint. 

The fact that £ is a Toeplitz operator was not used in the proof of (IIT). 
Hence, the following theorem has also been proved: 


Let & be the adjoint of a closed, symmetric operator &*. If Z is not 
self-adjoint, then, for every real p, the spectrum of (©* — pX) (© — u9) 
contains À — 0. 


This theorem is known if &* possesses self-adjoint extensions (Theorem 
(iv) in [1], p. 236) and was first proved for certain differential operators 
in [2]. 


Appendix. 


In Section 1, a matrix © was called a Toeplitz matrix (or a &-matrix) 
if it has the form Y = (fnm), where n, m == 0,1,2,-:-. Originally, Toeplitz 
had only considered the Hermitian case (5), f..==fa. Later on, he also 
considered the case where fa==0 if n <0, so that the matrix is of the 
triangular form 


3 fo fi fe . 
__| 0 fo fi . 
A matrix of this form Toeplitz called a $-matrix. 


In what follows, it is assumed that (1) holds but it is not assumed that 
the corresponding %-matrix is Hermitian or of the form (41). 


(*) A X-matrix f= g (f) belonging to a function f(b) of class L? is 
bounded if and only if f(¢) is bounded. 


Actually, (*) is a consequence of Toeplitz’s assertion on the Hermitian 
cases. In order to see this, note that a matrix © is bounded if and only if its 
complex conjugate transpose È* is. Put 


(42) T = Li + Bo, where Li = CE + EE), La = — HT — T*). 


Hence, it is seen that & is bounded if and only if &, and T, are. On the 
other hand, if © = Lf), then &, == T(Re f) and T, == T(Im f) are T-matrices 
belonging to real functions and, hence, are Hermitian. Thus, according to 
Toeplitz, ©, and T, are bounded if and only if Ref(#) and Imf(¢) are 
bounded, respectively. -Thus (*) follows. 
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It was conjectured in [3], p. 361, that the spectrum S(T) of a bounded 
Hermitian matrix £ (belonging to a real-valued f(b)) is associated with the 
distribution function of the (real-valued) harmonic function 


(48) Fine) = i f FOG) A 2 cos(0— e) + r)a, 


(r <1), 
that is, : 


(44) P(r, $) — 3 farine, | (r<1). 
This conjecture has now been justified in a certain sense. For, according 
to (i), SE) is the closure [m, M] of the range of values of F (r, œ) on the 
unit circle r < 1; ef. (I) and (III) for the case of an unbounded f(¢). 

From this point of view, (i) is the analogue of a result in [12], p. 279, 
stating that the spectrum S(%8) of (41) is the closure of the set of values of 
the corresponding function (44) onr < 1. In the case of the R-matrix (41), 
where fa == 0 if n < 0, (44) is the power series 


(45) F(r,$) = F (2) = 3 far”, (2 = ret#), 


According to [12], pp. 279-280, if the complex number y is not in the closure 
of the set of values of (45) for |2| < 1, then the P-matrix belonging to the 
sequence of coefficients h* = (/o,hi,: © +) of the power series 


(F (2) — p) > = 3 hina, |z| <1, 


is bounded and is the inverse of B— yp. On the other hand, if F(z) — p 
for some z, | z | < 1, then À = p is an eigenvalue of $ and zt = (1,2, 27,---) 
is a corresponding eigenvector. (This last fact contrasts with (ii), according 
to which a bounded Hermitian = matrix has no eigenvalue, unless f — const.) 

The problem of determining the spectrum § (7%) of a -matrix which is 
neither Hermitian nor triangular will remain open. 
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SOLUTION OF SOME PROBLEMS OF DIVISION.* : 


PART I. Division by a Polynomial of Derivation. 


By Leon EHRENPREIS. 


1. Introduction. The purpose of this paper is to prove that every poly- 
nomial of derivation with constant coefficients P is completely inversible as 
regards distributions of finite order, i.e. for any distribution S of finite order 
there is a distribution T of finite order such that 


(1.1) PT = 8. 


This means that division, in the sense of convolution multiplication, .by a 
polynomial of derivation is always possible. The particular choice S — à 
(Dirac’s measure) shows that every constant coefficient partial differenial 
equation possesses an elementary solution. We show also that if S is an 
indefinitely differentiable function, T can be chosen to be an indefinitely 
differentiable function in (1.1). 

The above results are extended to systems of partial differential equations 
with constant coefficients. 

The method of proof is the following: We study the space of Fourier 
transforms of the space 4) of Schwartz. Call this set D; we give it the 
topology to make the Fourier transform a topological isomorphism. D con- 
sists of all entire functions of exponential type which are rapidly decreasing 
by a theorem of Paley and Weiner (see [4] and [5]). The Fourier transform 
then defines, in a natural manner, a topological isomorphism of Gy (the space: 
of distributions) onto D’ (the dual of D). In this way, we define the Fourier 
transform of any distribution as an element of D’. The search for am 
elementary solution is thus transformed into the problem of division by a 
polynomial. The heuristic argument is as follows: We know that we can 
divide by a polynomial where the polynomial is large. Also, a polynomial 
cannot have “too many zeros,” hence cannot be small too often. Now, the 
space D consists of entire functions; we make our division where the poly- 
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nomial is large and then use the maximum modulus theorem to show that 
things don’t get too bad where the polynomial is small. 

We are now preparing several papers in connection with the material 
presented here. In the first we shall study in detail the Fourier transform on 
the space D’, and the structure of the elements of D’. In another paper we 
shall study the structure of the elementary solutions in regard to regularity and 
growth at infinity. For example, we shall show that, for P any polynomial of 
derivation with constant coefficients, and a any positive number, we can find an 
elementary solution of P which, in some sense, increases less rapidly than e%#!, 
Moreover, if the highest derivative that occurs in P is of order k, and if P 
is a partial differential operator of n variables, then there exists an elementary 
solution which is no worse than a derivative of order n+k+3 of a 
continuous function. In another paper, we shall solve other problems in 
division. For example, we shall show that, if S is a distribution whose Fourier 
transform is an entire function of finite order, then division by S in the sense 
of convolution is possible in a certain space of distributions. 

The methods of our paper, as well as most of the results of Sections I-V 
were obtained in April 1953 and were announced at that time in reports to 
the National Science Foundation. Since then, Malgrange [3], [3a] has 
obtained the corollary to Theorem 5 by a method which also uses the theory 
of analytic functions. Malgrange has shown how Theorem 5 implies the 
existence of an elementary solution and even the division property in Dr’ 
(space of distributions of finite order). We include in Section IV a brief 
account of this part of Malgrange’s work (Theorem 6). 

_Malgrange has also obtained our Theorem 10 by a different method. 
However, he does not obtain Theorem 9 which is apparently more powerful. 

The author wishes to express his thanks to the referee for acquainting 

- him with the work of Malgrange, as well as for his other useful comments. 


2, Preliminaries. Let n be a positive integer which will be fixed 
throughout this paper. By O we denote the complex Euclidean n-space, and 


by À we denote the real part of C. For ze 3 we shall often write 


complex 

eal 
let p; be a point in ©, pi = (pi, Pin ` `s Pin) where each p} = +1 (For 
convenience we denote by p, = (1,1, -,1).) Then by C? we denote the 
subspace of C consisting of those points z = (2:,22,° ° `, Za) such that, for 
all j, &(2;) = 0, or sgn X(z;) == sgn p; where, for a a complex number, 
R (a) denotes the real part of a, and A (a) denotes the imaginary part of a, 
and for b a real number + 0, sgn b is the signum of b. 


Z == (21, Zs," ` * , Zn) Where the 2; are( ) numbers. For i == 1,2, -, 2”, 
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For k a positive number, we shall denote by C» the strip of width & 
around À in C, ie. the set of all z = (Zu %,° °°, 2n) with | dA (z)| Sk 
for all j. 


Let F be a function on a let r&n; let J1, J2,” * +, Jr be a subset of 


complex 


(1,2, -+ n), and let aj, = 4," °°, a, ve ( l 


) numbers. Then by 
real 

clidean n— r space whose value at any point (Ti, Lis %,.,), Where ( (11, 4, 

-+,%4,-r) are those indices which do not appear in (41,°°°,jr)), 18 
F'(w1, We," ` *, Wn) Where Wg = a; if k = jp, or Wr = ti, iÈ k = ty. 

We shall review, rapidly, those properties of the theory of distributions 
of Schwartz [5] which we shall need in our paper. For convenience, we shall 
depart slightly from the notation of Schwartz. 

For l a positive number, denote by A; the closed cube in À, center.at the 
origin, and side 2/. By Jı we denote the space of indefinitely differentiable 
functions on À whose carriers are contained in Æ (The carrier of a function 
is the closure of the set of points where it is different from zero.) A sequence 
of functions f; converges to-zero in 4), if for P any partial differential operator 
on À with constant coefficients, Pf; — 0 uniformly on À. It is known that 
Sf) is a complete, metrizable topological vector space. We shall, unless 
explicitly stated to the contrary, use “vector space” to mean “ vector space 
over the complex numbers.” 


we denote the function on gore Hu- 


X; = j Xj, = 3: . À; a; 


By choosing a sequence of numbers J, with l —> cœ, the spaces y, form 
a sequence of definition for a space f) of type (LF) in the sense of Dieu- 
donné and Schwartz [2]. Q is a complete topological Hausdorff space 
which is not metrizable. A function f on R is in Q) if and only if f lies in 
some f}, i.e. if and only if f is an indefinitely differentiable function with 
compact carrier. A fundamental system of neighborhoods of zero in © 
consists of those convex sets N for which N N Q is a neighborhood of zero 
in f) for all 7. 

By JY we denote the dual of D, that is, the space of continuous linear 
functions on F) with the topology of uniform convergence on the bounded 
sets of 4). Unless explicitly stated otherswise, “linear ” will be taken to 
mean “linear over the complex numbers.” The important point to note is: 
Let © be a linear function on D whose restriction to 9) is continuous on 
QG}, for each 1; then Se Gy. Thus, to verify that a linear function on Q) is 
continuous, we need show only that, for any J, if {f;} is a sequence of func- 
tions in f; which converge to zero in Ph, then S(f;) — 0. 


886 LEON EHRENPREIS. 


If P is a partial differential operator with constant coefficients, (we 
sometimes say “ P is a polynomial of derivation ” if this is the case) then P 
clearly induces a continuous linear map of 4) into f) defined by f—> Pf 
for any fe). We shall denote by P’ the adjoint of P, that is, for any 
Se Gy, fe, PS(f) —S(Pf). It is easily verified that P’ is a continuous 
linear map of FY — P. 

By “dæ” we shall denote the ordinary Lebesgue measure on R divided. 
by (2r)”2. Then for any fe, we define the Fourier transform F of f as 


the function on C, F(z) = f f(x)e-*-*de, where for ze0 and weR, 


L: 2 = Lit + Toto FH’ - Hans (When we omit the region of integration, 
it is to be assumed that this region is R.) F is an entire function of 
exponential type, and if f e Rh, F is of exponential type <1. Moreover, F is 
rapidly decreasing on R, i.e. for Q any polynomial on C QF is bounded 
on R. On the other hand, if F is an entire function of exponential type < 7 
which is rapidly decreasing, then the function f on À defined by 


f(z) = fF yet vay, 


is in.G). Moreover, Fourier’s inversion formula holds: for fe, 


if Pa) = f f(x)e-#-*de, then f(x) — f F (y) et viy. 


We shall make the following convention of notation: Lower case letters 
will be used to denote functions of 4) and the corresponding upper case 
letters will be used to denote their Fourier transforms. 

Let P be a partial differential operator with constant coefficients on Q. 
Then for fe), there is a polynomial Q on C such that 


f PH @ertde = Q(5)F (0). 


In this case, we write Q == F(P). Conversely, given any polynomial Q on C, 
we can find a polynomial of derivation P with Q = F (P). 


3. The space D. For any | > 0, we denote by D, the set of Fourier 
transforms of Dı By what we said above, D, consists of all entire functions 
of exponential type < I which are capidly decreasing on R. We shall define 
in D, a topology to make the Fourier transform F a topological isomorphism 
of D, onto D, The following extension to n dimensions of a result of 
Phragmén and Lindelöf (see [6]) is needed. 
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LEMMA 1. Let F be dn entire function .of exponential type Sl De 
satisfies | F(x) |. < M for all eR. Then for all ze 0, 


| F(z)exp(ilp;:z)| SM. 


Proof. We shall adjust our notation to the case 7 — 1, the other cases 
being handled similarly. We use induction on n. For n = 1 the result is 
the known theorem of Phragmén and Lindelöf. Assume n > 1 and that the 
result is valid for n—1. Let a, e R; consider Frs. It is clear from the 
definitions that ` | | 

sup | Fx-q(%)| S M, 


; > geRmp 

where Eina) denotes the real Euclidean n — 1 space. Thus, for C*(n-1), the 
analogue of C1 for complex Euclidean - n— 1 space, by our induction 
assumption, 


sup [Lexp (2 ++ + =+ 2n) ]Pxica(2) | SM. 


geCla—p 
Now, let (22,- - `, Zn) be any point of C1), and consider the function 
of one complex variable z—> [exp il(22 +: - + + Zn) |F EX, Zye, (2). By 
the above, 


sup |Lexp i (22 +: > -+ 2n) ] Frs 252a (2) | S M. 
ze Ro l 
Thus, by the result for n = 1, 
Sap. | [exp i (21 + 22 + us f Zn) ] F Zaza, +», Xn=en (2) | = M, 
ZIEL- (D) 


or, what is the same thing, 


de à [Lexp i (z1 + 22 +: ` tH 2a) F (a, 2,2) S M. 


21€ Cl 
Since this holds for all (22,- © - ,2,) € C1), we have 
LA sup |Lexp (2 + 22 +: +++ 2.) ]F(z)| SM, 


which is the desired result. 
From this lemma it follows that, for any a > 0, any polynomial P on C, 
and any function fe D, PF is bounded in Ca. 


THEOREM 1. Let {fi} be a sequence of functions of Gy. À necessary 
and sufficient condition that f; — 0 in Ph is, for any k > 0 and any polynomial 
Q on C, OF; — 0 uniformly on Cy. It ts suficient to have, for some k > 0 
and every polynomal P on O, PF; 0 uniformly on Cy. 


Proof. a. Sufficiency. Assume that, for some k > 0 and any polynomial 


s 
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Q on ©, QFi—> 0 uniformly on Cy. It follows immediately from Cauchy’s 
formula for the derivatives of an analytic function of several complex variables, 
that, for D any operator of partial differentiation with constant coefficients, 
and Q any polynomial on C, D(QF;) — 0 uniformly on À. Thus, F;— 0 in 
. the space 3 of Schwartz. It follows that f;— 0 in 3 (see [5]). Since the f; 
all have their carriers in Æ, this means that f; — 0 in dy. 


b. Necessity. Assume f;— 0 in Jh; let Q be a polynomial on R, and 
k > 0. We know (see [5]) that Fı—>0 in Jd, and that the F; are all of 
exponential type <1. Thus, by the definition of the topology of 3, QF; —> 0 
uniformly on R; by Lemma 1, for any S with 1 S 8 = 2’, 


| Q(2)F,(2) exp ilps +2 | 0, 
uniformly for z e CS, a fortiori for ze CS N Cy. Now, 
min | expilpg-z| == ee, 
zeCsnc;, 


Thus, QF;—>0 uniformly on OS N Cy, for all S; this means that QF;— 0 
uniformly on Cp. 


For any positive number k and any polynomial Q in n variables, we 
define the function vro on D, by 


vra (F) e | Q(z) F(z) |, 


for any F e D,; it is clear that the v;,9 are semi-norms. We use these 4,9 to 
define a topology on D,; we denote the space obtained again by D, so that 
D, is a locally convex topological vector space. If Fe D, F-£0, then there 
is a € À with F(z) £0. Thus, 


Via (F) = sup | F(z)| = F(a) > 0, 


so that D, is Hausdorff. If Q is any polynomial, and k a positive number, 
there are integers A > 0, m > 0 so that, for all ze Cr, 


POISI +I] 


The totality of polynomials of the form A + | Ÿ z; |" is certainly a denumer- 
4=1 


able set T. It is clear that the topology of D, can be defined by means of 
semi-norms vys for k rational and Se T. We need thus only a denumerable 
number of semi-norms to define the topology of D, which means that this 
space is metrizable. | 

Theorem 1 can now be restated as 


+ 
æ 
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THEOREM 2. The Fourier transform F is a topological isomorphism 
of Gh onto D, for each 1 > 0. . i 


Since each F) is complete, the same is true of D, and these spaces are 
of type (F) (see [2]). It is clear that, if i > 7, the topology induced by D; 
on the set of functions of D; is just the topology of the space D; We may 
thus use the spaces D; for i integral as a sequence of definition for a space D, 
the inductive limit of the spaces D; in the sense of Dieudonné and Schwartz 
[2]. Set theoretically, D — ¥ D,, i.e. a function F on C is in D if and 

4=1 

only if # is an entire function of exponential type which has the property 
that QF is a bounded function on R for every polynomial Q in n indeter- 
minates. The topology of D is defined as follows: A fundamental system of 
neighborhoods of zero in D consists of all convex sets N such that, for each 
150, NND, is a neighborhood of zero in D, D is locally convex and 
complete, but not metrizable. From our Theorem 2 and Proposition 5 of [2] 
we obtain 


THEOREM 8. The Fourier transform F is a topological isomorphism of 
G) onto D. 


By D’ we denote the dual of D with the topology of uniform convergence 
on the bounded sets of D. The important thing to know about D’ is: (see [2] 
Proposition 5) Let S be a linear function on D which is continuous on each 
D,; then S is continuous on D, i.e. Se D’. Since each D, is metrizable, in 
order to verify that S is continuous on D, we need consider only sequences. 
For sequences, Lemma 1 gives us an explicit description of convergence. It is 
by means of this explicit description that we are able to show the existence 
of an elementary solution. | 

Let us denote by F the adjoint of F~, so that F is the map of GY > D’ 
defined by (FS) (F) = S(f), for any Se GY, fe®. It is natural to call F 
the Fourier transform on GY. (This will be discussed in a forthcoming 
article.) Thus, the Fourier transform of any distribution, in. particular, of 
any locally summable function, is defined. From Theorem 3 we obtain easily 


a 


THEOREM 4. F is a topological isomorphism of JY onto D’. 


We want to compute F(8) where § is the Dirac. measure, that is, the 
measure consisting of a mass of + 1 placed at the origin. We have 


(F8) (F) = 8(f) =f(0) = fF (2) da, 
so that F8 == 1 where 1 is the element of D”, 1(F) = fF (x) da, for all Fe D. 


+ 
a 
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. 4, Existence of an elementary solution. 


LEMMA 2. Let there be gwen m points Ti, ta, + `, Em in the complex 
plane. Then about any complex number à we can draw a circle L of radius 
<1 so that, for any xeL, min | e — zi | ÈZ 1/2(m +1). 


Proof. We may certainly restrict ourselves to the case where a is the 
origin. Let 2,,---,2, lie in or on the unit circle and %,,,° - +, %m lie out- 
side the unit circle. Then we arrange the =7-+ 2 points 0, | e, |,---,| 2l, 
1 on the unit interval J. We have thus decomposed J into at most r +1 
subintervals; it follows that one of these subintervals is of length at least 
1/r + 1. Let b be the midpoint of this interval, and let L be the circle, 
center origin, and radius b. Then for any se L, 1==1,2,---,n. 

| s— r | Z | g| — | n| = |0 — | í |)| 21/2041) Z 1/⁄2(m +1). 
Lemma 3. Let Q be a polynomial in one indeterminate, 


Q (£) = QX” + QA H + Qu 


Then, there is a constant a0 (depending only on m) so that, about any 
complex number a we can draw a circle M of radius = 1 for which 


| Q(z) = a] Qo | 
for all ceM. (It és allowed that Q,—0.) 
Proof. For Qj = 0, the result is trivial. Let QQ) 540 and write 
Q(X) =X =a) (X — m): - (X — sn), 


where 2:,- + :,æ, are the zeros of Q. Then, by Lemma 2, we can draw 
about a a circle M of radius <1 so that | o— ti | Z 1/2 (m + 1), for all 
ceM,1Sisim. Thus, for se M, | Q(x)| = | Qo |1/2”(m + 1)”. The 
result follows by choosing a == 1/2” (m + 1)”. 


The main lemma used for the proof of the existence of an ‘elementary 
solution is the following: 


Lemma 4. Let Q be a non-constant polynomial in the letters X,,:--, Xn. 
Let r > 1 and F eD satisfy 


sup |Q()F(G)| £a. 


Suppose Xp occurs in Q, and write Q == QX” + * - -+ Qm, where the 
Q, are polynomials in X;,:: > Xp Zu", Xn. Then we can find 
a B > 0 such that 
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Sup | Qo(2)F(2)| = a8. 


Proof. We may suppose without loss of generality that p = 1. Let 
21,22," °°, 2, be complex humbers with | &(%)|Sr—1,---,| &(2a)| 
<r— 1. By Lemma 3, we can find a number g > 0, and a circle M with 
centers z, and radius S 1 so that, for all ze M, 


| Qrara =, Xqzen(%) | 22% | Qo(2e° * >» Zn) |. 
Thus, for ze M, 
Q | Qo (22 tn) faran Xazza (2) | = | Q xento,, Xazon (2) F Xoz =, Zen (2) | 
== | Q (2, 22° * > n) F (2, La," +, 2n)| Sa, 
because (2,22, * -,2)eC. On choosing 8 =1/a, we find 


| Qo (22; “es Zn) F xyney, ve, Xnzty (2) | = aß, 
for all ze M. 


We have two cases: If Qo(Za' * *, 2n) = 0, we certainly have 
| Yo (22, PTS Zn) Faure +, Znz (21) | = aß. 


Tf Qo(22,° * +>) 70, then for all z e M 
| Pass, ren (2) | SS 08/| Qo (223° > >, 2a) | 


Since Fr, 18 analytic, we get, by the maximum modulus theorem, 


| F xa, >, Xaztn (21) | = aB/Qo (225 as , Zn)» 


Thus, in any case, | Qo(42,° ` ©, 2n) F (21° + *52n)| S aß. Since (zı, ++, 2n) 
was an arbitrary point of Cr- the lemma is established. We can now state 
our main result: 


THEOREM 5. Let Q be a polynomial different from zero in n indeter- 
minates, and let {F;} be a sequence of functions in D. Suppose that QF,— 0 
in D; then F;— 0 in D. 


Proof. We use induction on the number k of variables which occurs 
in Q. For &—0, Q is a constant 40 and the result is trivial. Assume 
then that k > 0 and that the result is proven for all polynomials in & —1 
indeterminates. We may assume without loss of generality that X,,---, Xx 
actually occur in Q and write 


Q(X1,° i Xp) = Qo (Xz * ‘ An)" +: on + Qu (Lo; ° ° Le) 
where D A0. . | 
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_ Under our hypotheses, we know (see [2]) that the functions QF; all 
lie in some G} and that QF,—> Gin h- Since the exponential type of QF; 
is the same as that of F, the F, also lie in D; Theorem 1 tells us that, for 
any 7 > 0 and any polynomial P on C, PQF, — 6 uniformly on Cp. Lemma 4 
shows us that the same is true for the sequence {OF}, that is, for any r > 0 
and any polynomial P in n indeterminates, Q,.PF;— 0 uniformly on Or This 
means that O0; — 0 in D, By our induction hypothesis, F;— 0 in D, which 
implies F; — 0 in D. | 


COROLLARY. Let P be an operator of partial differentiation with constant 
coefficients on T). Suppose {fi} is a sequence of functions of D) such that 
Pf;— 0 in 9). Then also f;— 0 in D). 


For the sake of completeness, we shall show, briefly, how Malgrange uses 
this corollary (or rather, a similar result) to obtain elementary solutions, and 
division in a certain space (see [3b]). 

For any 1 > 0, s = 0, denote by Js the space of functions on À which 
are s times continuously differentiable and which have their carriers in K, The 
topology of ),* is defined by means of the semi-norms vp(f) = max | (Df)(x)| 


for fe D and D any partial differential operator with constant coefficients of 
order <s. By J: we denote the inductive limit of the e for l integral. 
Cj’? denotes the dual of P! ; this is the space of distributions of order s. We 
write Dx = U Ds so Dr is the space of distributions of finite order. 


g=1,2, 
Suppose P is a partial differential operator with constant coefficients of 
order k. Then by P,*** we denote the subset of Py’ consisting of all functions 
of the form Pf for fe Drt; the topology of PG)'** is that induced by D. 


THEOREM 6. For any Ker, there is a Te Pr with PT =—S8. In 
particular, P has an elementary solution in Dr. 


Proof. Suppose that © is a distribution of order s. By reasoning 
analogous to that in the proofs of Theorem 5 and its corollary, we can show 
that Pf — f is a continuous linear map of PGs? —> Qs. Thus, 7: Pf>S-f 
is a continuous linear function on P*+®, Let K be the set of functions 
ge Pek for which 


OPirt Pat +B _ i 
max |e aye orn 9(*) | SL | 
for all pa, * ` `, Pa such that pi +: - -+p=s+4 Then, for each integer 


l, Ky== K N De” is a compact set in PŒs*%#% by the theorem of Ascoli (see 
[5]). For each integer J, let U, be the set of f e K, which satisfy | T7-f| < 1, 


at 
A 


\ 


SOLUTION OF SOME PROBLEMS OF DIVISION. 893 


and call v the convex closure of U Uz Then, by Proposition 1 of [3b], v is a 
neighborhood of zero in PH+. Further, for fev, | Taf | <1. Thus, T is 
continuous on PO and hence can be extended to a continuous linear 
function T on +t by the Hahn-Banach theorem. For any fe), PT-f 
= T- Pf =T- Pf=8:f. Thus, PT—S; if we take S—56, T is the 
elementary solution for P. 


5. Division in the space Gr. We shall give an independent proof of 
Theorem 6 by means of the Fourier transform, without using the notions 
of Malgrange. 

We introduce a topology in Dr = N F by saying that a set N in Pr is 
a neighborhood of zero if it is the intersection with Gy of a neighborhood of 
zero in some s. (The elements of Gy» are the same as those of f, but the 
topology of 4) is stronger than that of Pr.) It follows immediately from the 
Hahn-Banach theorem that Gr’ is the dual of Dr. By Dr we denote the 
space of Fourier transforms of functions of 4 with the topology to make 
F : Dr — Dpr a topological isomorphism. Dp consists, of course, of all rapidly 
decreasing entire functions of exponential type. 


THEOREM 7. The topology of Dr can be described as follows: A funda- 
mental system of neighborhoods of zero in Dp consists of all sets N C Dr 
for which we can find a finite sequence of polynomials Ay, Ac, > *, Ar and 
an increasing sequence of positive numbers a — so that N consists of all 
Ge Dp which satisfy, for each integer 1, 


(5.1) max | (exp ilp;-2)A,(z)G(z)| = 1, 
zeCinCa, 
for k = 1,2,-°-,17, and j = 1,2, e,m - 


Proof. Suppose first that N satisfies the conditions stated in the theorem. 
Then N is clearly convex, and for any integer m > 0 and any Ge Dy», the 
conditions 


max | (exp üp; z) (DEOD & 1, 


zeCinCa, 


for any k, j, and 1 > m are already implied by the conditions 
max | (exp imp;:2)Az,(z)G(z)| SI, 


: ZECI N Can 


for k = 1,2, : Ê ‘,7, and 7==1,2,---+,n because of the Phragmén-Lindeléf 
theorem (Lemma 1). Thus, by the definition of the topology of Dm, N N D, 
is a neighborhood of zero in D,,. It is clear from the proof of Theorem 1, 


11 ` 


= 
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that the fact that we ‘are using a fixed set of polynomials A,,- - *, 4, for 
the definition of N means that we can find an s so that, for all m, N’N Dre 
is a neighborhood of zero in Sm’, where W’ is the set of inverse Fourier 
transforms of the functions of N. Thus, by the definition of the topology of 
Dy, N is a neighborhood of zero in Dr. 


Conversely, let M be a neighborhood of zero in Dy, and denote by W 
the set of inverse Fourier transforms of functions of M. Then, we can find 
a finite set of polynomials of derivation Bı, B:,: > +, B; and a decreasing 
sequence of numbers b,;—> 0 so that Af’ contains the set of all fe) which 
satisfy 


(5. 2) , max |(Bif)(2)| S by 
ogK apt 
for all Z and k —1,2,: : - ,{, and also 
((5.3) max |(Bif)(*)| S1, 
for k == 1,2,- --,¢. (This can be shown exactly as the analogous description 


of the topology of 4) (see [5]) is demonstrated.) 

Let us denote by 4:,42,°::,4, the polynomials 4n, 4nF (Bz), 
AnzF (Br), for k==1,2,---,¢ and j7—1,2,---+,n. We define the 
sequence {a} by a,== max(1, —log b;). Let N be the set of Ge Dr which 
satisfy, for each 1, 


(5. 4) max | (exp üp; 2) A;(z)@(z)| S1, 


zeCinCa, 


for ‘k = 1,2," - -r and 7—=1,2,:--,2; let N’ denote the set of inverse 
Fourier transforms of N. We claim that N° C W. 

+ It is clear that any ge WN’ satisfies (5.3). Let ge N’ and t£ Ki 
Let 7 be chosen so that (see Section 2) sgn Pj, == sgn a, for k==1,2,:--,n. 


It is clear from Caucy’s theorem that we may write g(s) = f G(z) exp (iz - 2)dz, 


where œ; is the plane À (zr) — ap, for k= 1,2," - - ,n. Thus, 


g(a) = f. G(2)exp ilps #)exp(i(e — Ips) - 2) da 


Now, since Kimpa for at least one k, a, > (n +1). Thus, for ze, 
A[ (a —lp;) +2] Z (nl)a,— (n — 1)la, =la, This means that, for ze am, 
| exp (£ — lp;) -z | se. Moreover, it is clear from (5.4) that 


f | G(z) (exp üp z) dz<S1. 


Thus, | g(a) | Se S bp 


K] 
SOLUTION OF SOME PROBLEMS OF DIVISION. 895 


A similar argument shows that, for k =1,2,---,t, | (Brg) (£)! S bu 
This means that g e W which is the desired result. | 

Let Q be a polynomial 0 in n letters. We denote by QDr the space 
of all QG for Ge Dr with the topology induced by Dr. 


THEOREM 8. QG— G is a continuous linear map of QDr — Dr. 


Proof. We use induction on the number k of letters that occur in Q. 
For & = 0 the result is obvious; assume the theorem is true for all polynomials 
with fewer than & letters, and let Q be a polynomial in k letters. We may 
assume that X, occurs in Q and write Q = Q£" + QX" +: -+ Qr, 
where the Q; are polynomials in fewer than k letters. The result will follow 
if we can show that QG — QoG@ is a continuous linear map of QDr > QDr. 


By linearity, we need prove continuity only at zero. Let then N be a 
neighborhood of zero in QoDr. By Theorem 7 we can find polynomials 
A1, A», © >°, À, and an increasing sequence of positive numbers a so that 
N contains all Ge Q,Dr which satisfy, for each l, 

max |(exp ilp;-2)Az,(z)G(z)| S1 
zeCInCa, 
for k =1,2,---,rand7—1,2,---,n. Let 8 be a constant which satisfies 
the conclusions of Lemma 4. For each l, write a/—a,;+1 and call 
Ar —=1/(eB)Ax Let N’ be the set of Ge QDr which satisfy, for each l, k, 7, 
max | (exp tlp;: 2) Az’ (z) G(z)| S11. 
zeCinCa, 
Then, as in the proof of Lemma 4 we can show that, for QG e N’, QoG e N 
which concludes the proof of Theorem 8. 


For P a polynomial of derivation, denote by Pr the space of Pf, fe Dr 
with the topology induced from x. Then we have an immediate 


COROLLARY. Pf— f is a continuous linear map of Pr — Pr. 


We can now furnish another proof of Theorem 6: Let Ser’; then the 
map 7: Pf > S-f is a continuous linear function on PQ p being the com- 
position of the continuous maps Pf — f and f>S-f. Thus, by the Hahn- 
Banach theorem, T can be extended to a continuous linear function on Sr, 
ie. to a Te. We have, for feQr, PT-f=—T:-Pf=T-Pf=S-f. 
Thus, P’T’ = which is the desired result. 
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6. Division of the space €. € is the space of indefinitely differentiable 
functions. €, its dual, is the space of distributions of compact carrier (see 
[5]). We shall use the following characterization of the space €’ which will 
be established in our forthcoming paper, “Analytic Functions and the Fourier 
Transform of Distributions”: 


Lemma Y. €’ consists exactly of those distributions S e GY for which the 
convolution Sx fe) for any fe). Moreover, the topology of €’ ws the 
same as that obtained by considering every Se €’ as defining the continuous 
linear transformation f > S = f of D— F, and then giving this set of trans- 
formations the compact-open topology. That is, a fundamental system of 
neighborhoods of zero in €” consists of those sets N for which we can find a 
compact set K C 4) and a neighborhood N of zero in G) so that N consists 
of all Se for which $S *fe M for all fek. 


Let us denote by Ex’ the space of all Ser’ such that S * fe {y for 
all fe Dr; we consider each Se Gr as defining the continuous linear map 
f— 8 =f of Dr— Dr, and we give the space Er” the compact-open topology 
of this space of transformations. By Lemma 7, the elements of € are the 
same as those of €’. Moreover, if K is a compact set of Pr, then K is clearly 
a compact set in each P. Thus, by [2], K is contained in some Fh. Since 
Gr and P) induce the same topology on Py, K is compact in D. Thus, the 
topology of & is stronger than that of Ey’. 

We conclude from the above that, if we denote by Erp the dual of Ey’, 
then for any U e Er we can find an f e € such that, for all Se Ey’, U : 8 = 8 -f. 


Lemma 8. For any f e€, S—>S8-f is a continuous linear function on Er. 


- Proof. The linearity being obvious, we need prove continuity only at 
zero. For each lattice point y e R, let Ly be the closed cube, center y, side 4. 
Let {hy} be a sequence of functions of P) such that, for each y, carrier 
hy C Ly, and, for any ce R, Shy(x) —1 (this sum has meaning because 
only a finite number of terms are different from zero). For each y, and 
g €€, denote by ryg the function (r,g) (x) =g(x—y) for any ce R. For 
each y, choose dy > 0 such that ay == ay and 

Ory = max {LQ} (ty, (haf) ) ] (æ) |, 
veR,1SjSt 
where {Q;} is an enumeration of the polynomials of derivation on R with 
rational coefficients, and {yz} is an enumeration of the lattice points of R, 
and where y == yi 
Let K be the closure in 9) of the set of all functions 1/(a,)ry(hyf) so 
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that K C Gh and K is clearly bounded in Pı. Thus (see [5]) K is compact 
in D. Let N be the neighborhood of zero in Dr consisting of all ge Dp such 
that, for each y 

ae | g(x) | = by/max (1, ay). 


Where {b} is a sequence of positive numbers with $, by = 1. Call M the 
set of Se Ey such that 8 * peN for all pe K; we claim that, for any Se M, 
EFIS 

To this end, let S £ M, and suppose that the carrier of § is contained in K, 


Let r be chosen so that 5 hy, (£) = 1 for any xve K, Then S-f— > S: hf. 
j=1 gz 
But, | | 
| S- haf | = [CS * haf) (0) | = | (8 * ty, (af) ) va) | S brs 


Thus, | S- fS > bm < 1, which completes the proof of the lemma. 
jal 


Let P be a constant-coefficient partial differential operator. By P’E,’ 
we denote the space of all P’S for Se€,’ with the topology induced by Er”. 
It follows immediately from the theorem of Paley and Wiener (see [5]) 
that P’ is one-one. Our main result of this section is: 


THEOREM 9. P'S — 8 is a continuous linear map of P'Er -> Er. 


Proof. Since the map is clearly linear, it suffices to prove continuity at 
zero. Let P’G be a filter base in P’Ex which converges to zero in PEx. 
We denote by G the filter base obtained from P’G by replacing each distribution 
P'S of P’G by 8S; the filter bases P’G * f for f e D are defined similarly. Then, 
if K is any compact set in 4), P’G * f converge to zero in Gr uniformly for 
fek. Thus, G* Pf converge to zero in Py uniformly for fe K. But, for 
any Sel’, S* Pf—P(S*f) (see [5]). Thus, P(G+f) converge to zero 
in fp uniformly for fe K, which is the same as the uniform convergence of 
P(G*f) in PG». Now, Pg— g is a continuous linear map of PQr- Dr 
by the corollary to Theorem 8. Hence G + f converge to zero in Jp uniformly 
for fe K. This means that G converges to zero in Ep’ which is the desired 
result.? 


We can now use this result to show that division is always possible in F: 
* Footnote added in proof: In our forthcoming paper, “Analytic Functions and the 


Fourier Transform of Distributions,” it will be shown that, in fact, the spaces €,’ and 
€’ are the same. 
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THeorem 10. For any fe € there is a ge E with Pg =f. 


Proof. The map ĝ: P'S — $ : f is a continuous linear function on P’Er 
because it is the composition of the continuons maps P'S >85, S— 8 :f. 
Since P’€# is given the topology induced by Ex’, G can be extended to a 
continuous linear function g on Ep by the Hahn-Banach theorem. By our 
above remarks, there is a ge € such that §-S==S-g for all Se€xr. Thus, 
for any Se €r, 8 “Pa = P'8: g = 9 P'S = G9 -P'S = 8f. Because of the 
Hahn-Banach Theorem, Pg =f. 


7. Systems of equations. We shall extend the results of the previous 
section to systems of constant-coefficient partial differential equations. Let N 
be a positive number which will be fixed throughout this paper. By GW we 
denote the space of N-tuples of functions of 4); the topology of Y is that 
of coordinate-wise convergence. For any | > 0 we denote by DY the space 
of N tuples of functions of Fh with topology of coordinatewise convergence. 
It is clear that Y is the inductive limit of the spaces A for } integral. 
By DN we denote the set of continuous linear mappings of HY into complex 
N-space. Thus, every element S of HN can be represented by an N by N 
matrix (Sy) where each SyeQ)’ and where, for f= (f:,---,fy) e M, 


N 
S(f) = (91° * *,g»x) with g=— > Sif for each +; the topology of DEN is 
f= 


that of elementwise convergence of these matrices. (By “ matrix” we shall 
mean “N by N matrix” unless explicitly stated otherwise.) 

Let P = (Py) where the Py are polynomials of differentiation. Then $ 
defines a continuous map of DY —> PDY by Pf = (91, * -,gx) where, for 


N 
each 1, gi== >, Pif; By W we denote the adjoint of $, this is the map 
ne 


k) 
of DEN — DN with (W8) (f) = 8(Hf), for all Se PEN, fep. By an 
elementary solution for Y we mean an Se )*% such that PS — SN, where 
è 0 
gv | 
0 8 
is the generalized Dirac measure. 
For any f e DY, f = (f1,: * +, fx), we define the Fourier transform of f: 
F = GN (f) = (Fat, Fa). Thus, F~ maps JW onto DY (space of N- 
tuples of functions of D) and for any 1>0, FN maps Dë onto DY (N- 
tuples of functions of D;). We give the spaces DY and D, the topology of 
coordinate-wise convergence and 4N is clearly a topological isomorphism. 
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Thus, DY is the inductive limit of the D, for Z integral. By D*\ we denote 
the set of linear transformations of DY into complex N space. An element T 
of D*N is thus a matrix (Ty) with each Tye D’ and, for Fe DY, 


N N 
T(F) = ( È Tub, +, B TP). 
j=l j= 


By FN we denote the adjoint of (FY), that is, FN is the map of 
DN = PEN defined by (FYS) (G) = S(g), for any Se PY, ge DY. (We 
again use the convention of representing an element of GW by a lower case 
letter, and using the same upper case letter for its Fourier transform.) For 
fep” we shall write f = (f:,:--,fw) where all fie D, with a similar con- 
vention for DY, FY js again a topological isomorphism of G)*N —> DEN, which 
we can consider as defining the Fourier transform on Gyn 

Let S = (Sy) e DY. Then we can write 


Sy for k=i + N(j—1). 


y2 
= (k) pile) PES 
d 2 E WE 0 otherwise. 


We compute FN(T®): For Fe DY, FN(T®) (F) = T@(f) = $;;(f;), where 
k—1+N(j—1). Call Uy = F (Sy); for &=1,2,---,N?, call N® the 
matrix for which Vi; is Ui; or 0 according as k is or is not of the form 
a+ N(3— 1). Then 


FN(T) (F) = Siy(fs) = F (Sy) (Fi) = Uy (Fi) = V@ (F). 


Thus, FN(T®) = V®, By the linearity of FN we get FN (S) =(F(SV®)). 

By a similar reasoning, if ® = (Py) where the Piz are polynomials of 
derivation, then for fe DY, FN (Pf) — OF, where Q is the matrix of poly- 
nomials Q such that, for ge D, F (Pug) = QiyG, and where, for Ge GW, 


N N 
OG = ( 2 Quan +) > Qu). 
j=1 jal 


For any z e C, we shall denote by Q(z) the matrix (Qj;(z)). We shall write, 
for convenience, Q = FN (R) when Q and § are so related. Conversely, 
given any matrix Q of polynomials, we can find a matrix $ of polynomials 
of derivation such that Q = F ($). | 

If P= (Py) where the Py are constant-coefficient partial differential 
operators on J), we can form the determinant of %, which is a constant 
coefficient partial differential operator on D. We say that P is degenerate 
if this operator is 0; otherwise we call P non-degenerate. If Q is a matrix 
of polynomials in n-letters, then we can form the determinant of Q which is 
a polynomial. We call Q degenerate if this polynomial is zero; if it is different 
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from zero, we say © is non-degenerate. From the above it is clear that, for 

V a matrix of polynomials of derivation on D, and Q == FN ($), then Q is 

degenerate if and only if $ is and, even F (determinant $) — determinant Q. 
For any Fe QY, ze 0, we define ° 


LPC) = (I F 1) (2) = (| Pa(@) |? + | Fe(@) |? + + + Pare) [ya 
Theorem 1 has the consequence: 


THEOREM 10. Let1l > 0 and {F;} be a sequence in DY. A necessary and 
sufficient condition that F; —0 in QY is: For any r > 0 and any polynomial 
Q on C, | Q(2)| | Fi(z) || — 0, uniformly for ze C,. 


It is possible to carry out the procedure of Section 4 and obtain the 
analogue for GW of Theorem 5. In order to do this, we had originally used 
a method of estimating the size of the characteristic roots of a matrix of 
polynomials in n-variables. However, following the suggestion of the referee, 
we shall adopt an algebraic approach. | 

Let P = (Py) where the Py are polynomials of derivation in n vari- 
ables; assume that P is non-degenerate. Then we have, for any fe GW, if 


N 

BF == (gn 9o +> gu) X Pas = gs, for i= 1,2,---,N. Thus, by Cramer’s 
j=l 

rule, if A denotes the determinant of P, and Aj the cofactor of Py, 


N 
(7. 1) Af; = À Aid 
for j==1,2,° °°, N. 
‘Let us denote by PHY the space of Ph for he JW; the topology of BG) 
is that induced by GY. The spaces BON for 1 > 0 are defined similarly. 
Then (7.1) together with the corollary to Theorem 5 give immediately 


THEOREM 11. Let P be a non-degenerate matrix of polynomials of 
derivation in n variables. Then $f—f is a continuous linear map of 
PPN +> for each I> 0. 


Let us denote by fr the space of elements of DY with the topology of 
coordinatewise convergence in Gr. By Pr*\ we denote the set of mappings 
of Gr into the complex N-space. Each Se Pr*N can be represented by a 
matrix (Su) where each Sy € Dr”. 


THEOREM 12. Any non-degenerate matrix $ of polynomials of derwation 
is completely inversible in Q)p*, that is, for any Se Dr*N there is a T € Dp*Y 
such that PWT = 8. In particular, P has an elementary solution. 
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Proof. This can be proven in a manner similar to the proof of Theorem 
6; but we shall use a different method because we can use it for further 
results. Let U = (U;;)e Pr*\ where each UyeQr’. Then we have 


N + 
(P'U)y = X Pr Un because, if h = (ha: + +, hw) e DY, 
kzl 


N N N N 
P'U- h = U-Ph=> Ox: > Peuh = > > PU ins hi, 
k=1 jai j=l k=l 
which is the stated result. 
Now, if we call U, —U;; where b==i -+ N(j— 1), then it is easily 
seen that the transformation $” on the space of (Uy) is of the form 


93” 


; m 
where $ is the matrix (Pi). Since, for Dı, D, any polynomials of deriva- 
tion, (D,D,)’ = D/D, the determinant D of P is different from zero. Let 
us define V, for b = 1,2,- -, N? by 


N2 
(7. 2) Vy = 5 Daa 


a= 
where Da» is the cofactor of the term in the a row, b column of P. By 
Theorem 6 we can find T e GY such that DT, Va. By Cramer’s rule, 
WT == S, which is the desired result. 


By Sr" we denote the space of Pf for fe PEN with the topolegy 
induced by fy”. Exactly as in the proof of Theorem 11, we can show 


Turorem 13. With P as above, Pf — f is a continuous linear map of 


PPDY —> Pr. 


The spaces EN, E*N are defined similarly. By WEpr*N we denote the 
space of all PS with Se Er“, the topology being that induced by Ep*N.? 
Then we have, as in the proofs of Theorem 11, 12: 


THrorem 14. WS — 8 ts a continuous linear map of V'ErN — Er*N. 


THEOREM 15. For any f 8 EN there is a ge EN which satisfies Bg =f. 
° Footnote added in proof: Again it can be shown (see footnote 2) that Ep*¥ is the 
same as €** (which is defined in the obvious manner). 
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Suppose now that $ is degenerate. Since the ring of polynomials of 
derivation has no zero divisors, we can procede along usual lines (see [7]) 
to obtain an fe DY such that @f—0. Moreover, we can find a polynomial 
of derivation Y such that every Yf for f e DY can be written uniquely in the 
form ¥ + f” where fe N’ (null space of $8) and eR” (on which $ acts 
in a non-degenrate manner). Let PPr” be the space of Pf, f e DY, with the 
topology induced by Gr”. Then we get, in the usual manner, 


THEOREM 16. Pf— f” is a continuous linear map of BArY > Dr’. - 
We can also prove, by conventional methods 


THEOREM 17. Let SeQ)r*\; a necessary and sufficient condition that 
there exist a Te Gy" satisfying WT =K is that 8 =0 on À’. 


COROLLARY. If $ is degenerate, there is no elementary solution for Ẹ. 


Proof. Let fe) satisfy $f—0. Since derivation and translation 
commute, we may assume f(0) +0. Thus, 


6V f = (f1(0), f2(0),: ° "fx (0)) Æ 0, 
and the result follows from Theorem 17. 


We can prove similar results for EN. 


8. General remarks. In Section 4 we proved that L:PPr —> Dr 
defined by L(Pf) =f for all fe Gr is a continuous linear map. In case 
that n == 1 and P is an ordinary differential operator with constant coefficients, 
then Schwartz [5] has shown that E can be extended to a continuous linear 
map M:Œr— Jr. This results from the fact that the quotient space 
G)r/PQ)r is finite dimensional. Such is no longer the case for n > 1 and P 
arbitrary. We do not know whether L can be extended in the general case. 
Such an extension would be a generalized integral. 

The above question can be reformulated as follows: Call (PPr) the 
dual of PG) with the topology of uniform convergence on the bounded sets of 
Pr. Then the adjoint I’ of L is a continuous linear map of Dr > (PQ) r’. 
(L’ is defined by (L'S) (Pg) = S(LPg) for any ge Jr.) Can we lift L’ 
to a continuous linear map of Dr > Dr? Or, what is the same thing: 
We know that every element of (P4))r’ can be extended to an element of y’; 
does there exist a canonical way of extending the element of (P))r’ to Dr? 
That is, can we find a continuous linear map M: (PG))r — Jr such that, 
for Te (PQ))r’, M(T) is an extension of T? We hope to discuss this question 
at a future date. 
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Similar remarks apply to the space Ep (Theorem 9). 


An interesting question is raised in the statement of Lemma 3. Let us 
denote, more precisely, by a(m) the constant « which arises in that Lemma. 
What is the best (greatest) possible value of «(m) as a function of m? The 
question may be reformulated as follows: Given m points 2,:-*,@%m in the 
unit interval, what is the largest possible value of a(m) for which we can be 


sure of finding an x in the unit interval such that $ | s — t; | = afm). The 
4=1 


methods of our proof of Lemma 3 which, of course, were not designed to find 
a best possible result, show that we may choose a(m) ==1/2"(m+1)™. 
My friend, Dr. Phlotz Newman, has pointed out to me that the best possible 
result is a(m) = 2/4" (see Polya and Szego, Aufgaben und Lehrsätze aus 
der Analysis, Berlin, 1925.) 


All the theorems on division that we have proven involve the division 
by a polynomial in a space of analytic functions. An important question is 
the following: If P is a polynomial in n-variables and Se Qy, can we find 
a Te Sy such that PT — S? It is clear that our methods shed no light on 


this problem. 


THE JOENS Hopxins UNIVERSITY. 


BIBLIOGRAPHY. 





[1] S. Banach, Théorie des Opérations Linéares, Warsaw, 1932. 


[2] J. Dieudonné and L. Schwartz, “La Dualité dans les Espaces (F) et (LF), Ann. 
Inst. Fourier Grenoble, vol. 1 (1950), pp. 61-101. 


[3a] B. Malgrange, “ Equations aux dérivées partielles à coefficients constants. 1. Solu- 
tion élémentaire,” Comptes rendus Academie Sciences, vol. 237 (1953), 
pp. 1620-1622. 


[3b] , “2, Equations avee second membre,” ibid., vol. 238 (1954), pp. 196-198. 


[4] R. E. A. C. Paley and N. Wiener, Fourier Transforms on the Complex Domain, 
New York, 1934. 


[5] L. Schwartz, Théorie des Distributions, vol. I and II, Paris, 1951. 
[6] E. C. Titchmarsh, The Theory of Functions, Oxford, 1932, 
[7] B. L. Van der Waerden, Moderne Algebra, vol. II, Berlin, 1931. 





A PERIODIC ALGORITHM FOR CUBIC FORMS IL* 


By Harvey Coun.” 


15. Introduction to Part II. In this continuation of our discussion 
of a cubic sign-discrimination algorithm, introduced in an earlier volume of 
this JOURNAL [7], we shall turn our attention to the computation of units. 

First of all we shall show (leaning once more on the Minkowskian 
algorithm) that all units are discoverable by the “neighbor process” of 
Part I [7], pp. 829-833. In so doing we must restrict our lattice to a module 
Wt of preferably (but not necessarily) all integers in a totally real cubic field 
&. The field À need not be abelian but the module M must be non-singular 
(i. e. of dimension three over the rationals). The units would then lie in O 
the order of the module WM. | 

Secondly we shall consider the manner in which the units should be 
written. As we observed in [7], p. 833 certain 3 X 4 matrices are propor- 
tional only under certain rearrangements of rows and columns. This makes 
it desirable to have a hypercomplex notation, which also brings out normal 
symmetries of the matrices. 

In comparing our modified algorithm with its Minkowskian progenitor 
we start with the realization that what we are doing is refining the algebraic 
properties of the algorithm at the expense of the geometric properties, but 
the algebraic simplifications make numerical work + more feasible while the 
geometric complications make themselves felt only in existence type proofs 
which are disposed of here. This dichotomy is illustrated in the geometric 
and algebraic portions of the present work. 


Existence of Units. 


16. Types of neighbors. We consider a reduced matrix œ in the sense 
of 4 (above) consisting of four column vectors which we shall write as 


* Received February 5, 1954. Research sponsored by the U. S. Army Office of 
Ordnance Research under Contract No. DA-20-018-ORD-12332. The sections and biblio- 
graphical refernces are numbered consecutively with those in item [7] which formed 
“Part I” of the present work. Errata for Part I are appended to the present paper. 

1 The present method is being programmed for the EDVAC at Aberdeen, Md., by 
Dr. Saul Gorn. 
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(16. 1) ¢= [P, Q, R, 5]. 


We shall classify the 24 neighbor possibilittes (explained in 10 above) into 
three types depending on the partition of the symbols serving as second and 
third element in the neighbor operation: 


Type 1 Type 2 Type 3 
P,S or Q, R Q,S or P,R R,S or P,Q 
(QPS), (PQR) (PQS), (QPR) (PRS), (EPQ) 
(16.2) (EPS), (SQR) (RQS), (SPR) (QRS), (SPQ) 
(QSP), (PRQ) (PSQ), (QEP) (PSR), (BQP) 
(ESP), (SERQ) (ESQ), (SEP) (QSE), (SQP) 


LEMMA. Every reduced matric has either one or two (reduced) 
neighbors of each type. 


Outline of Proof. We must consider the subdivision into cases as deter- 
mined by the relative magnitudes of each row: (| pil | gih | ribh ts) 
(compare 11). There are actually twenty-four different cases (to within 
elementary interchanges of rows and columns and changes of sign in rows). 
The details are omitted in the interests of brevity we simply remark that 
this method was used in the (weaker) statement made earlier [7], p. 830 
that there are from three to six neighbors. 


17. Occurrence of independent units. The units deduced from the 
Minkowskian algorithm were “controllable” in the sense that if we take a 
succession of neighbors to one Minkowskian triple by “lowering the same 
face” (say 2) each time we would obtain a unit whose q; conjugate is less 
than unity and whose other conjugates are greater than unity in absolute 
value. If units are formed corresponding to two different x; they are inde- 
pendent by the classical argument of Dirichlet. 

The same thing can be done here, except that the “face ” corresponding 
to z; belongs to none of the vectors in the quadruple (16.1), e.g., it can 
happen that the maximum of |p; |,| 9: |,|7:|,] Sı | cannot be decreased 
through any neighbor operation. We need to use other quantities namely 


(17. 1) hi = u,, 1<i<3, 
where u; are the components of UO): 
(17.2) U®%=_P+S5, V@=048, U®=R+8. 


(The h: are positive if we suppress the + ” in the left hand side of (4. 22) 
as we now do for convenience). 
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Lemma. A neighbor operation of type i decreases h; while it increases 
(or leaves the same) the other two h; (7 Æi). 


Proof. It suffices by the very abundant symmetry to note that the opera- 
tion (QPS) of type 1 changes h, (= pı + sı) into sı (< hı) while it changes 
hs (= r3 + 83) into 73 + Ss — ps (> hs) and leaves he (= ge + $3) unchanged. — 
Q. H. D. | 

We note that the triple (U™,U@,U®) is not Minkowskian since it 
determines a sub-lattice of index 2 but it is a kind of “invariant” for the 
quadruple (16.1) by equation (4. 21). 

Thus by virtue of the finiteness theorem of 8 (above) units are deter- 
mined which are independent. (Compare [3], p. 444). 


18. Occurrence of all units. Consider next how an arbitrary unit in ©, 
namely E = (e1, e2, €83), (taken with positive norm for convenience), can be 
discoyered by our algorithm. If we form the product 


(18. 1) oH = [PE, QE, RE, SE] 


we obtain a quadruple of vectors lying in YW (by definition of ©), and 
spanning Ÿ again (since the sublattice spanned by HE has determinant equal 
to that of ¢ times the norm of F). By a rearrangement of columns (vectors) 
in of we therefore obtain another reduced quadruple. Therefore all we need 
show is that ¢ and ¢# are connected by a chain of neighbor operations (as 
in 12 above). 

We introduce the term overlapping to describe two sets of vectors such as 
triples or quadruples, ete., with two or more common elements. 


LEMMA 18.1. Two overlapping quadruples can be connected by means 
of neighbor operations. 


Outline of proof. Let the two overlapping quadruples be oo and ea,» 
(for integral a, b) where 


Pa,d TE LE Q, HOY, S@t)] 
(18.2) 
| Red — R+ aP + bQ, S@>) = § — aP — bQ. 

Now the requirement that a,b be reduced leads to three sign conditions on 

RG) and S@) (= — R— (a+1)P— (64+1)Q). Thus 
fi(a+1,6+1) <0 fi(a, b) <0 

(18. 8) f(a+1,5+1)<0 — fa(a,b) <0 
fe(a+1,b+1) <0 fa(a,b) > 0, 
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where (under restrictions (4.21) and (4. 22)), 
(18. 4) fi(a, b) = ri + api bq. 


It is then a tedious but elementary matter to show (by representing the six 
inequalities (18.3) graphically) that if the relations (18.3) hold for (a,b) 
then a and b are not both of the same sign, while the inequalities (18. 3) hold 
with (a, b) replaced by (a,b + sgn a) or (a + sgn b,b). (Here sgn 0 = 0). _ 
Thus Lemma 18.1 follows by descent. Q. E.D. 


Lemma 18.2. To any reduced quadruple (or to one connected with it 
by a chain. of neighbors) there corresponds at least one overlapping Minkow- 
skian basis. 


The proof of this lemma will be deferred to the next section; (see 
Lemma 19.3 below). 


Lemma 18.3. Any two neighboring Minkowskian bases each overlap 
overlapping reduced quadruples. 


For it is the nature of Minkowski’s neighbor concept, [3], that any two 
neighboring triples overlap; but by the theorem in 5 these triples are con- 
tained (discounting sign) in a reduced quadruple if they are bases. 

Now we use the further information that any two Minkowskian triples 
are connected by the Minkowski neighbor process. The proof is based on a 
topological argument suggested by Minkowski (and proved in [2], p. 342). 
Since every degenerate Minkowskian triple has non-degenerate triples -(i. e., 
basis triples) as neighbors, it takes very little effort to deduce from the same 
proof that any two Minkowskian bases are connected by a chain of Minkowskian 
bases as neighbors. Hence the lemmas yield the following result and with jt 
the “ discoverability ” of all units: i 


THEOREM. Any two reduced quadruples can be connected by a chain of 
neighboring (reduced) quadruples. 


19. Proximity of algorithms. In Section 5 (above) we showed that 
every Minkowskian basis is part of a reduced quadruple, which means, in 
effect, that every Minkowskian triple overlaps a reduced quadruple. The 
“ converse” seems to be false, indicating that there are “more” reduced 
quadruples than Minkowskian triples in some sense perhaps analogous to the 
sense that the quadratic algorithm we introduced in 2 (above), possessing 
“mediants ” in addition to regular convergents of the simple continued frac- 
tion contains “ more ” reduced triples (see Section 25 below). Lemma 18. 2 
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seems to be as close as we can comfortably approach a converse to the 
theorem in 9. , 

To get at the difficulty we define a mediant quadruple to be a reduced 
quadruple in which one vector achieves in each of its three components the 
minimum absolute value for all four vectors of the quadruple. Thus if (say) 


(19. 1) [ri] <min| pih | a |, | sl, | 1<i<3, 


then |P, Q, R, S|] is a mediant quadruple. Here we would call À the small 
vector. 

We call a set of vectors © limiting if each (non-zero) vector achieves an 
absolute value in some 2;-component not exceeding that of a vector of ©. 
Then by the Minkowskian method of admissible bodies if a set of limiting 
vectors contains at least three vectors none of which can be omitted from © 
(without loss of limiting property) then a Minkowskian triple can be chosen 
from the set ©. If © consists of two vectors none of which can be omitted 
from’ (without loss) then a Minkowskian triple can be chosen that over- 
laps ©. 

Now mediant quadruples are undesirable because they do not have two 
vectors that serve as a limiting set (by virtue of the fact that the small vector 
can be omitted without loss of limiting property). Hence we must use 


Lemma 19.1. No complete chain of reduced neighboring quadruples 
can consist entirely of mediants. 


Proof. Suppose À is the small vector of a mediant ¢. Then any 
neighbor operation with R “in the middle” is valid. Take in particular 
(PRS): We can apply the neighbor operation only a limited number of 
times, e. g., 

(19. 2) $( PRS) p (PRS) p”: +4, 


(since the operation decreases p, (> 0) by |r1| each time). Now if ¢@ 
is still a mediant, the small vector must be Q (because it is no longer “R” 
and yet | p,| and |s| now exceed |1r2|). We therefore apply (PQS) as 
long as possible until we obtain a 6), This process must terminate since 
the operations (PQS) and (PRS) each decrease p, (> 0) by | qi | or | 7: | 
each time. Q.E.D. 

We are now ready to handle the non-mediant quadruples. We are again 
confronted with a multitude of special cases that would be tedious to give in 
detail. We therefore first make use of limiting sets. 


LEMMA 19.2. For any reduced quadruple the twenty-six vectors formed 


A PERIODIC ALGORITHM FOR CUBIC FORMS II. 909 


from the following and their negatives are a limiting set: 
P,Q,R,S, P—Q, P—R, P—S, Q—R, Q—S, R—S, 
PLS, Q+S, R+S. 


Proof. Let V —aP + bQ +cR. Since V = (b —a)Q + (c—ak—aS 
by (4.21), we can assume a, b, c are not all of the same sign. We therefore 
can select a component j for which | v; | = | ap; | + | bg;| + | er; |. Hence 
the result. Q. E.D. 


(19.3) 


Lemma 19.3. If a reduced quadruple is not a mediant then it contains 
a limiting set of two vectors (and therefore overlaps a Minkowskian basis). 


Outline of proof. An actual listing of the twenty-four different types 
of ġ according to the relative magnitudes of the rows (see 16), would show 
that only two types are mediants. The remaining twenty-two types reveal 
limiting sets on inspection, but the amount of space required to handle the 
inequalities in writing is almost prohibitive. It should be clear however that 
Lemma 19.2 expresses the problem in finite terms. 


Hypercomplex Notation and Normal Symmetries. 


20. Reduction redefined. The distinguishing algebraic features of our 
present algorithm can best be brought out by considering the hypercomplex 
system Q over the module M generated by the introduction of ETSI 
(ai, G2, 43,1) that form the four-group: 


(20. 1) a? = 1(— ay), aja; = aja; = ay, LSJ Eks. 
Then each 3 X 4 matrix # can be written in the form 


(20. 2) 6 = Pa, + Qa: + Ra; + SL. 


In the system Q the “scalars” are elements of W for which each conjugate 


multiples (row by row) the 3 X 4 matrix ¢. Thus if M were an order, W. 
would be an “ algebra.” 

Now the element ¢ of Y will be called a reduced basis of WM (see 4 above): 
if any three of the quantities P, Q, R, S form a basis of Mt and (see (4. 21)) 
if ¢ goes to 0 by the mapping of A ‘that brings each a; into 1 and if (con- 
tinuing to suppress the + ” on the left of (4.22)), each x; conjugate of 
P,Q, #,S agrees in sign with x; of a, az, az, 1 respectively, where the y: 
(t==1,2,3) are the three-non principal characters of the four-group, fixed. 
so that xi (a; ) == |. 


12 . 
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_ Thus the finiteness theorem of 8 (above) asserts that the system may 
` have only a finite number of reduced basis elements to within (scalar) propor- 
tionality constants. The argument in 9 enables us to choose these constants 
as units. f 

The hypercomplex notation fits in with the classification into neighbor 
types. If we use the symbol (lasa) to denote, for example, (SRQ), then 
a neighbor of type 7 (here type 1), is one in which the product of the second 
and third elements of the neighbor operation (e. g., a3 + az), equals a; (here a,). 
The new notation enables us to obtain another very curious kind of result 
that we mention in passing: The sum or product of any two reduced elements 
dı, p2 belonging to two modules in & is equal to reduced elements belonging 
to a third module (which depends on the operation and elements). 

Our main purpose in using the notation will be for dealing with units. 
(Compare the hypercomplex notation use by Hasse [8] for a somewhat 
different analysis of cubic units). 

21. Hypercomplex units. Now we shall designate the units #==(e,, e, és) 
of © that are not totally positive as multipliers in W. What we do is select 
the character x for which y,(a;), (1 5 1 3), agrees in sign with e; (assuming 
the norm of # positive as before). Then the product a, denotes the hyper- 
complex unit corresponding to # and for any reduced basis element ¢ of M, 
the product ga, yields another reduced basis element. This process would 
reduce to ordinary (scalar) multiplication for E totally positive or totally 
negative. 

: Now let © be the (abelian) group of all hypercomplex units so defined. 
Let ©, be the sub-group of totally positive units. Then the nature of the 
quotient group G/®, is uniquely determined by r the signature rank, i.e., 
the number of different arrays of signs that can be achieved by the scalar 
‘units (of positive and negative norms). Then for 


8, la, HO, af, a,E6), 11, 
(21.1) r= 4 4, 6/60 =< [a, 1], 
2, [1]. 
Note that by the eigenvalue discussion in 14 (above), only these hyper- 


complex units can emerge from proportionalities of reduced basis elements 
under interchange of columns with rows preserved. 


22. Mixing of rows. Consider two reduced basis elements ¢ and * 
of W. We are now concerned with proportionalities of one row of ¢ with 
another row of $*, accompanied by the necessary permutation of columns. 


+ 
9 


+ 
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For instance, a (deceivingly trivial) illustration is provided by D = 6* = do 
of 11 (above), where the first row is proportional to the second (with ratio 1) . 
under cyclic permutation of P,Q, ER. Such “proportionality evidently could 
occur only for & abelian since otherwise p,/g, could equal (say) gs*/r2* only 
when both ratios (belonging to conjugate fields) are rational, in contradiction 
to the basis property. Actually we can say more: 


THEOREM. Two reduced basis elements of Wt can have different rows of 
each proportional (with some permutation of columns) if and only i the 
module It is equivalent to a normal module. 


Proof. Suppose such a proportionality of rows exists. Then the second 
row of b* is (say) k, times the first row of 6 (with rearrangement of columns), 
where k, is an element of the (abelian) field À. Likewise the third and first 
rows of ¢* (by using conjugates) are seen to be k, and k, times the second 
and third rows of ọ (with rearrangement of columns). Thus K = (ky, ka, kz) 
is an element of & with norm N(K) == 1 by virtue of the fact that ¢ and ¢* 
are basis elements of the same module. But by a well-known theorem of 
Hilbert [9], kı, having norm 1, will be the ratio of conjugate elements, which 
(by multiplication with a rational integer) can be chosen to lie in ©. Thus 
k = t,/t, where T = (t, ta, ts) is in © and bas positive norm. Hence aT 
and p*a;T are for some 4 (0 <=? < 8), reduced basis elements of system WT 
corresponding to MT —N. Now M is easily the normal module required. 
The converse is immediate. Q. E. D. 


COROLLARY. A single reduced basis element $ of M will have one row 
proportional to another row (with permutation of columns) if and only if 
the module It is equivalent to a module N with a normal basis that further- 
more consists of the conjugates of an element P of R with positive norm and 
negatwe trace. 


The preceding proof applies except that we display the basis element by 
letting Q and R be conjugates of P and letting S be the negative of the trace 
of P. 

The theorem and corollary are (strictly) more restrictive, i.e., not all 
abelian modules are normal, nor are all normal modules equivalent to one 
with a normal basis, nor must the normal basis have the desired one on its 
norm and trace. 

As a final remark note that in both the theorem and corollary the order 
© of M is the same as that of N and therefore a normal module in À. Hence 
by a well known Minkowskian technique (see [8]), it follows that funda- 
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mental units of can be taken as two conjugates of a single unit. Thus the 
. Signature rank r (of 21 above) may equal only 2 or 8 (but never 4). 


23. Use of Galois group operator. We can now enlarge our (abelian) 
hypercomplex system to a non-abelian one in the following manner: Consider 
Z the Galois group operator for our abelian field K (so that Z? = 1), Then 


(23.1) PZ = (pr, Pa Ps) 4 == (P2, Pos Pi). 


Now the neecssity of preserving the sign pattern requires that a permutation 
of rows be balanced by a permutation of columns as follows: 


(23.2) pZ,— (RZ)a, + (PZ)@ + (QZ)æ + (8Z)1, 
Formally, then, we derive the commutator rules 
(23. 8) a,Z == Za:, af, = Zaz, a;l == Za, 1- Z= Z.-i. 


Thus the juxtaposition of symbols Ztg (where 0S t< 2 and g belongs to 
the four-group), will have meaning as a (right) operator on ¢ and will in 
fact be isomorphic to the alternating group on four elements. 


Now if we consider a module equivalent to a normal module, then for 
every hypercomplex unit aE (0 <} = 38), (of 21 above) we have three units 
belonging to the new hypercomplex system, namely Za, (OS '2). In 
this manner the group G* of hypercomplex units in the enlarged system is 
determined from the group ©, of totally positive units as follows (compare 
(21.1)): | 
[1, Z, 2°] X [a E, a EZ, a;EZ°, 1] 

[1, Z, Z°] X [1]. 
Note that for r = 8 the fundamental units are shown as conjugates of a 
single unit while r == 4 does not occur, in accordance with the conclusion 


of 22 above. In this way we obtain a group @* whose multiplication rules 
can be given as follows: 


(23. 5) (Z'a;E) (Z'a B) = Zak” 


(88.4) r=} 9, O*/G,—} 


where E” = (#Z") Hl’ and a = al "aZ". 


Now, the only possible proportionalities that mix rows are those coming 
from the group @*, i.e., based on units, for the cube of any element of G* 
is an element of G, hence based on a scalar unit. (See section 21). 
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24. Degenerate quaternary forms. On the basis of the last three see- 
tions we are in a position to discuss the quaternary form corresponding to 
p namely e 


(24. 1) == H (mpi + megs + Mari + Mas), 11438. 


Several different # can correspond to a single ¢@ under permutation of the 
(m;), according to the signature rank r of the units in the order ©. 


Case I: WM not equivalent to a normal module. Here r= 2,4, or 8 and 
every ® is one of a set of 7/2 (i. e., 7/2 different “points” in the “ chain” 
diagrams of 12). 


Case II: M equivalent to a normal module. Here r—2 or 8 and 
every ® is one of a set of 37/2 except when the ¢ is proportional (row by row) 
to one in which three of the quantities P,Q, R, 5 are conjugates. (In the 
exceptional case & is one of a set of r/2 again). : 


In the table [7, p. 832] we find evidence of some of these cases for 
y==8. Case I corresponds to A? = 148, while Case II (or its exception) 
corresponds to the proportionality classes that occur by twelves (or by fours). 
Note that the module for A? == 196 is neither an ideal nor normal, yet the 
correspondence “by fours” means if must be proportional to a normal 
module (with even a normal basis). The numerical work is being carried 
much further than in Part I, but it will be the subject of a separate report. 


25. Concluding remarks. In Part I, Section 2, a modified quadratic 
simple continued fraction algorithm was outlined. It turns out to be more 
conventional than first thought, in fact it is equivalent to the continted 
fraction algorithm with the “ mediant ” fractions thrown in. The geometrical 
construction given in 2 can be seen to be a variation of Smith’s construction 
[10]. 

In Part IIT, the concluding portion, we shall treat the algorithm as a 
means of discovering “small norms” (analogously with the Pell Equation). 


Errata for Part I (ie. [7]). 


Page 828 line 7, a should read a, 
line 18, pig, should read pigs 
830 line 16, —1.25 should read 1.25 
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832 line 4, —p?[== R] should read — p 


833 lines 8-10, by twelves should read by at most twelves 
by fours should read by at most fours. 


WAYNE UNIVERSITY. 


BIBLIOGRAPHY. 





[6] G. Bullig, “ Ein periodisches Verfahren zur Berechnung eines Systems von Grund- 
einheiten in den total reelen kubischen Körpern.” Abhandlungen aus dem 
Mathematischen Seminar der Hanseschen Universitit, vol. 12 (1938), 


p. 369. 
[7] H. Cohn, “A periodic algorithm for cubic forms,” this JoURNAL, vol. 74 (1952), 
i pp. 821-833. 


[8] H. Hasse, “Die Einheitsgruppe in einem total reelen nicht zyklischen kubischen 
Zahlkörper und in zugehörigen bikubischen Normalkörpern,” Archiv der 
Mathematik, vol. 1, 1948/9, pp. 42-46. 

(91 D. Hilbert,- “ Die Theorie der algebraischen Zahlkôrper,” Jahresbericht der 
deutschen mathematiken Vereinigung, vol. 4, 1894/5, p. 271. 

[10] J. F. Koksma, “ Diophantische Approximationen,” Ergebnisse der Mathematik 
und ihrer Grenzgebiete, vol. 4, Berlin, 1936, p. 38. 


v 


+ 


ERRATUM. 915 


ERRATUM. 





C. T. Rajagopal, “ On Riesz summability and summability by Dirichlet’s 
series: a further addendum and corrigendum,” this JOURNAL, vol. 76, 252-258. 


Page 256, line 9 from above insert, in front of. “—>1,” the factor 
“exp — (ro + 1).” 


